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An IgG3-IL2 fusion protein activates complement, binds Fc 
gamma RI 9 generates LAK activity and shows enhanced 
binding to the high affinity IL-2R. 

PubMed Services Harvill ET, Morrison SL. 

Department of Microbiology and Molecular Genetics, University of 
California, Los Angeles 90024-1489, USA. 

The therapeutic value of Interleukin 2 (IL-2) is limited by its short half life 
and systemic toxicity. One approach to overcoming these problems is to fuse 
this protein to an antibody, a protein with a long half life and the ability to 
target a unique antigen within the body. To examine the biochemical 
Related Resources properties of such a molecule a fusion protein was constructed linking the 

N-terminus of human IL-2 to the C-terminus of IgG3. A similar fusion 
between IgGl and IL-2 has previously been shown to bind antigen, generate 
antibody-dependent cellular cytotoxicity (ADCC) and stimulate T cell 
proliferation and cytotoxicity. We now extend these studies and show that 
the fusion protein, termed IgG3-IL2, is appropriately N-glycosylated within 
the IgG3 CH2 domain, binds the human high affinity Fc receptor (Fc gamma 
RI) with an affinity slightly lower than that of IgG3, and is able to activate 
complement via the classical pathway to lyse antigen coated sheep red blood 
cells (SRBC). When used to stimulate the proliferation of the IL-2 
dependent cell line CTLL-2, IgG3-IL2 has a specific activity slightly lower 
than that of human recombinant IL-2 (hrIL-2). In marked contrast, when 
comparable unit concentrations, as defined by the standard CTLL-2 
proliferation assay, are used to stimulate human peripheral blood 
lymphocytes (PBL), IgG3-IL2 generates significantly greater lymphokine 
activated killer (LAK) cell cytotoxicity than does hrIL-2. Competition 
studies show that IgG3-EL2 binds the intermediate affinity form of the IL-2 
receptor (IL-2R), consisting of the beta and gamma subunits, with an affinity 
slightly less than that of hrIL-2. In contrast, IgG3-IL2 shows a greater 
affinity than hrEL-2 for the high affinity IL-2R, consisting of alpha, beta and 
gamma subunits. Our studies show that the IgG3-IL2 fusion protein 
possesses a combination of the biological properties of IgG3 and IL-2 
including antigen binding, complement activation, Fc gamma RI binding, 
IL-2R binding and stimulation of both proliferation and LAK activity. This 
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combination of activities may allow IgG3-EL2 to target humoral and 
cell-mediated immune activation to the site of an antigen of interest or target 
an antigen to IL-2R bearing cells or organs. 

PMID: 9373338 [PubMed - indexed for MEDLINE] 
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Targeting of tumor necrosis factor to tumor cells: 
secretion by myeloma cells of a genetically engineered 
antibody-tumor necrosis factor hybrid molecule 
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The construction, synthesis and secretion of a genetically engineered antibody-cytokine fusion molecule is described To 
target tumor necrosis factor (TNF) to tumor cells, recombinant antibody techniques were used to produce a Fab-like 
antibody-TNF conjugate. At the gene level, the heavy chain gene of an antitransferrin receptor antibody was linked to a 
synthetic TNF gene encoding human TNF. Transfection of the heavy chain-TNF gene into a myeloma derived cell line 
which was producing the light chain of the same antibody, allowed the isolation of a cell line secreting a fusion protein 
f th expected molecular weight and composition. The culture supernatant of the cell line contained TNF cytotoxic 
activity towards murine L929 cells and human MCF-7 cells. Ototoxicity towards the human cancer cells was inhibited 
by an excess of the original antitransferrin receptor antibody, indicating that the antibody-TNF molecules are targeted 
to the transferrin receptor rich tumor cells. Since the antibody genes used are chimeric (i.e. composed of mouse variable 
and human constant regions) and since DNA encoding human TNF was used, the hybrid protein is an example of a 
humanized immunotoxin-like molecule. These results illustrate the possibilities of antibody engineering technology to 
create and produce unproved agents for cancer therapy. Furthermore, they demonstrate for the first time the ability of 
myei ma cells to secrete an antibody-cytokine chimeric molecule. 



Introduction 

Tumor necrosis factor (TNF) was originally identi- 
fied as a tumoricidal protein causing an hemorrhagic 
necrosis of transplanted solid tumors in mice [1]. Since 
TNF also exhibited a striking cytotoxicity against vari- 
ous tumor target cell lines in vitro whilst causing 
minimal harm to normal cells, it attracted attention as a 
potential anticancer drug. However, TNF has a broad 
range of effects and appears to be involved in diverse 
biological processes including inflammation and im- 
munoregulation, antiviral defense, endotoxic shock, 
cachexia, angiogenesis and mitogenesis [2-4]. The 
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mechanisms through which TNF mediates these multi- 
ple activities as a multipotent immunological regulatory 
molecule, a cytokine, remain poorly understood. TNF 
has a cellular surface receptor, but there is no clear 
correlation between TNF sensitivity and density or af- 
finity of the receptor. The DNA coding for human TNF 
has been cloned, sequenced and expressed at high ef- 
ficiency in E. co/i, yielding large amounts of purified 
recombinant material which has been used for human 
cancer therapy (for review see Ref. 4). Results of Phase 
1 clinical trials show that in vivo administration of TNF 
results in severe side-effects, ranging from nausea and 
vomiting, fever, headache, diarrhea and hypotension to 
death [5]. Hence, the dose of TNF used in clinical trials 
for the treatment of cancers is limited. 

In an attempt to modify the characteristics of TNF, 
we describe here the design and production of a geneti- 
cally engineered antibody-TNF hybrid molecule. Re- 
cent developments in the field of antibody engineering 
made it possible to create recombinant antibodies, the 
products of immunoglobulin genes constructed in vitro 
and expressed in transfected cells [6-8]. Also, gencti- 
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cally engineered antibody-enzyme molecules have been 
produced [9,10]. By linking TNF to an antitransferrin 
receptor antibody, we aim to target TNF to transferrin 
receptor-rich cancer cells. Since the transferrin receptor 
is a growth related cellular surface antigen found on 
most proliferating cells [11], all dividing cells have the 
capability of binding the antibody-cytokine hybrid 
molecule. However, the selective antitumor activity of 
TNF would provide the killing of tumor cells only. In 
this way TNF might be targeted to the surface of cancer 
cells and killing of cells might be achieved with smaller 
amounts of TNF. As a result, the dose necessary to kill 
tumor cells could be reduced and the side-effects would 
disappear or decrease in intensity. 

The antibody used is directed against the human 
transferrin receptor, and does not compete with trans- 
ferrin for binding to the receptor, which is important 
for in vivo use [12]. The heavy and light chain genes of 
this antibody have been cloned previously [13]. In order 
to minimize the immune response towards this mouse 
antibody, mouse-human chimeric genes were con- 
structed and expressed in myeloma cells. The resulting 
chimeric antibody retained its antigen-binding capacity 
[13]. These antibody genes were used in the present 
study to create an Fab-like antibody-TNF hybrid pro- 
tein. A Fab-like molecule lacks immunoglobulin effec- 
tor functions, which might interfere with the projected 
anticancer activity. Furthermore, a Fab-like molecule 
will be monovalent for transferrin receptor binding, and 
thus can not induce capping upon cellular membranes. 
It also could be assembled more readily and, since it is 
smaller, should migrate faster into a solid tumor mass 
than a whole immunoglobulin-TNF conjugate. 

Materials and Methods 

Materials 

Restriction endonucleases and mycophenolic acid 
were obtained from Bethesda Research Laboratories 
(Gaithersburg, MD, U.S.A.). DNA-modifying enzymes, 
[a- 32 P]dCTP, [y- 32 P]ATP and [ 35 S]methionine were 
supplied by Amersham (Buckinghamshire, U.K). Xan- 
thine and hypoxanthine were purchased from Sigma (St. 
Louis, MO, U.S.A.). Oligonucleotides were obtained 
from Eurogentec (Li£ge, Belgium). 

Cloning procedures and DNAs 

The antibody genes used in this study were previ- 
ously cloned, sequenced and used to construct mouse/ 
human chimeric genes [13]. The genomic human 
garama-1 clone [14] and the expression vector pSVgpt- 
MOV H NP (pSVgpt) containing regulatory sequences for 
Ig gene expression in lymphoid cells [15] were gifts from 
Dr. M.S. Neuberger (MRC Laborat ry of Molecular 
Biology, Cambridge, U.K.). pSVhyg (palys 17), the 
selectable shuttle vector with the hygromycine resis- 



tance gene, was a gift from Dr. J. Foote (MRC Labora- 
tory of Molecular Biology, Cambridge, U.K) [16]. The 
TNF DNA was obtained from Dr. K. Ashman 
(E.M.B.L., Heidelberg, F.R.G.) [17]. The recombinant 
DNA work was performed by standard procedures [18]. 
Sequencing was done as described [19]. 

Cell lines and cell culture 

SP2/0-Agl4 (SP2/0; ATCC CRL 1581) is a non-Ig 
producing murine hybridoma. L929 (ATCC CCL1) is a 
murine fibroblastic cell line; MCF-7 (ATCC HTB 22) is 
a breast adenocarcinoma; HL-60 (ATCC CCL240) is a 
promyeloid leukemia; MOLT-4 (ATCC CRL 1582) is 
an acute lymphoblastic T-cell leukemia. All cell lines 
and all transfectomas were grown in RPMI1640 supple- 
mented with 2 mM L-glutamine, 1 mM sodium pyru- 
vate, non-essential amino acids and 10% FCS, all 
purchased from Bethesda Research Laboratories. 

Transfection of DNA into myeloma cells and selection of 
transfected cells 

Cells were transfected by electroporation [20] with 
the Gene Pulser Apparatus of Biorad (Richmond, CA, 
U.S.A.), as described previously [13]. Briefly, 10 6 cells 
and 1-20 /ig BamHl or PuuMinearized plasmid in 0.8 
ml of PBS at 0 ° C in an electroporation cuvette (0.4 cm 
electrode gap) were subjected to a single voltage pulse 
at 200 V using a capacitance setting of 960 jiF. Selec- 
tion for transfected cells containing the gpt gene was 
carried out 48 h later, with 1 /Jg/ml mycophenolic acid, 
250 /ig/ml xanthine and 15 pg/ml hypoxanthine. Hy- 
gromycine selection was done with 400 /tg/ml hygro- 
mycine. Clones were visible after 1-2 weeks. Individual 
clones were selected by limiting dilution in the absence 
of feeder cells. 

Detection of antibody secreting cell lines 

Screening for antibody production was done by an 
ELISA method, detecting human IgG or kappa chain, 
as described elsewhere [13]. Hie assay measures anti- 
body concentrations ranging from 1 ng/ml to 100 
ng/ml. Briefly, microliter plates were coated with goat 
anti-human IgG (Tago Inc., Burlingame, CA, U.SA.) 
overnight at 4°C (100 pl/well of a 1/1000 diluti n in 
0.1 M NaHC0 3 buffer, pH 9.6). After washing with 
PBS/0.05% Tween-20, the supernatant samples were 
added to the wells and the plates were incubated for 2 h 
at 37 °C. Bound antibody was detected with biotinyl- 
ated goat anti-human IgG (Amersham) and subse- 
quently with strep tavidin-peroxidase conjugate (both 
100 /il/well of a 1/1000 dilution in PBS; incubate 2 h 
at 37 °C). After the final wash, 100 /il fa 0.1% 
o-phenyIenediamine/0.1% HjOj/H mM citric acid/65 
mM sodium phosphate (pH 6.3) was added to each well 
The reaction was stopped after 10 min by adding 25 pi 
2 M HQ. The A was measured at 492 nm in an 
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automatic Titeitek microliter plate reader (How, Irvine, 
U.K.). This ELISA only detects human IgG; human 
kappa light chain is not detected. 

Detection f human kappa light chain was carried 
out as described for human IgG, while using rabbit 
anti-human kappa Ig (Nunc, Roskilde, Denmark) for 
coating and biotinylated goat anti-human kappa (Araer- 
sham) for detection. In this ELISA, an overcoating step 
of 1 h with 1% BSA in PBS appeared necessary to 
reduce background. 

SDS-PAGE, immunoblotting, in vivo cell labeling and 
immunoprecipitation 

Protein analysis by SDS-PAGE was performed with 
the discontinuous buffer system according to Laemmli 
[21], using 12.5% crosslinked gels under reducing condi- 
tions. Samples were prepared in 0.1 M Tris-HCl (pH 
7.0) containing 2% SDS, 2% mercaptoethanol and 10% 
sucrose and heated at 95 °C for 5 min prior to electro- 
phoresis. For immunoblotting, samples after electro- 
phoresis were transferred to polyvinylidene difluoride 
(PVDF) membrane (Millipore, Bedford, IL f U.S.A.) by 
electroblotting (Novablot, LKB-Pharmacia, Uppsala, 
Sweden) at 0.8 mA/cm 2 for 1 h. The filter was in- 
cubated overnight in 3% BSA at 4°C and washed 
afterwards in PBS + 0.05% Tween-20. For detection of 
the heavy chain, the filter was incubated for 2 h at room 
temperature with a 1/500 dilution in PBS of goat 
anti-human IgG antibody (Tago* Inc.). The filter was 
washed and incubated with a 1/250 dilution in PBS + 
1% BSA of peroxidase labeled rabbit anti-goat Ig 
(Dakopatts, Copenhagen, Denmark). Staining was car- 
ried out with 0.05% diaminobenzidine/0.1% H 2 0 2 in 
PBS. The reaction was stopped by rinsing the filter with 
water. Detection of TNF was done with rabbit anti-TNF 
antiserum (1/500 in PBS) (Genzyme, Boston, U.S.A.) 
and a 1/500 dilution in PBS of peroxidase labeled 
swine anti-rabbit Ig (Dakopatts). Light chain was de- 
tected using biotinylated goat anti-human kappa Ig 
(1/500 in PBS) (Amersham). 

In vivo cell labeling and immunoprecipitations were 
carried out as described [13], using goat anti-human 
IgG-Sepharose beads. After electrophoresis, the gel was 
treated with Amplify (Amersham) and dried. Auto- 
radiography was performed at -70°C using intensifier 
screens (Cronex Lighting Plus, Dupont, Boston, MA, 
U.S.A.). 

TNF-assqy 

The cytotoxic activity of TNF was determined using 
mouse L929 fibroblast cells [22]. The cells were in- 
cubated with increasing amounts of the TNF containing 
sample, in the presence of actinomydn D (1 jig/ml). 
The assay was carried out in microtiter plates, with 
2-5.10 4 cells/well, 200 /il/weB. After an 18 h incuba- 
tion period, the living cells were quanrjtated with MTT 



(3-(4,5-dimethyl-thiazol-2-yl)-24-di-phenyltetrazolium- 
bromid) [23]. MTT (20 jil/well of a 5 mg/ml stock) was 
added to each well. After 1-4 h incubation the pro- 
duced formazan crystals were redissolved by adding 100 
jil/well 10% SDS + 0.01 N HQ and incubating for 
4-16 h. The A was measured at 540 nm in an automatic 
Titertek microtiter plate reader (Flow). TNF protein 
was purchased from Genzyme and had a specific activ- 
ity of 2- 10 7 U/mg protein. The activity of TNF (in 
units) was defined as the reciprocal of the dilution at 
which a 50% reduction in A was observed compared 
with control cultures containing no TNF. For MCF-7, 
MOLT4 and HL-60 cells no actinomycin D was used in 
the assay and the incubation period was prolonged to 
48 h. 

Results 

Construction of a chimeric heavy chain-TNF gene 

The IgG molecule consists of compact protein do- 
mains with the hinge region serving as a spacer separat- 
ing the C H 1 from C H 2 domains. This domain structure 
is reflected at the gene level: in the human gamma*l 

C H 1 -domain 

210 

K V D K R V 
... CC AAGGTGGACAAGAAAGTT- intr on 

— StVl- 

Hinge 

f 2201 J 230 

BPR S C* D K T H T C*PPC*P 
intron-GAGCCCAAATCTTGTGACAAAACTCACACA TGCCCACCCTGCCCA-lntron 

* 

attachment point for TNF DM* 

Fig. 1. Structure of the 3' region of the C H l-exon and the complete 
hinge exon of the human gamma-1 gene. C*: cysteine necessary for 
disulphide link with the light chain ; C + : cysteines necessary for 
dimerization of the heavy chains. Amino acid residues in the hinge 
exon strongly interacting with residues in the C H l-domain are indi- 
cated with an arrow. The hinge exon extends from residues 216-230 
(EU numbering [40]). 

- VDKKV8FKSC*DKTBT 

5'-<±AAG GJCGACAAGAAAGTMGggT^TPT^y^^,,^^ ir^MTTT 

3 ' -gnTC^caqctqttxtttCart f^rt ggaT Ttt nccf-5 • 

Fig. 2. Two 28-mer oligonucleotides were used to form the missing 
region between the Styl site in the C H 1 -domain and the EcoRI site in 
the TNF DNA. The two 28-mers were annealed, treated with Kknow 
polymerase and dNTPs to make a 46 bp bhmt end fragment and this 
DNA was cloned into Styl and £coRI sites, which had been made 
blunt end with Klenow polymerase and dNTPs. After ligation, both 
sites were restored only if the fragment was inserted in the orientation 
shown. The sequence of the 46 bp fragment and its junctions was 
checked after subcloning into M13mpl8. The oligonucleotides (No. 1 
and No. 2) are depicted in capitals the enzymatically fifled-in nucleo- 
tides are shown in lowercase tetters. Also indicated are the encoding 
amino acid residues. The sequence is flanked by the Styl and £ci~ 
doning sites. 
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gene, each d main, also the hinge region, is encoded by 
a separate exon. Yet the hinge exon encodes part of the 
structural C H 1 domain, including the cysteine necessary 
for connecting the heavy to the light chain (Fig. 1) [24]. 
Furthermore, it has been sh wn that some amino acid 
residues in the upper part of the hinge interact with 
residues in the C H l-domain (indicated in Fig. 1) [25]. 
The lower part of the hinge is a rigid region of prolines 
and cysteines necessary for dimerization of the heavy 
chain. Therefore, to retain the C H l-domain structure as 
much as possible, we decided to remove only the lower 
part of the hinge when developing a Fab-like heavy 
chain-TNF construct. 

The TNF DNA comprises a synthetic gene encoding 
the mature human TNF protein [17]. The TNF DNA 
does not encode the first two amino acid residues of 
native TNF (Val-Arg), but this deletion has no in- 
fluence on the activity [26]. A translation initiation 
codon and an EcoRl restriction site were added to the 
5' end and two tandem stop codons and a Am HI 
restriction site to the 3' end. The EcoRl site was used 
for linking the gene to the C H l-domain. 

The chimeric heavy chain gene of the antitransferrin 
receptor antibody is composed of a murine variable 
region, linked to the human gamma-I constant region. 
While manipulating the original genomic human 
gamma-I constant region DNA, the intron between C H 1 
domain and genetic hinge was removed. By using two 
synthetic oligonucleotides, a linkage was made between 
a Styl site at the 3' end of the C H 1 domain (indicated in 
Fig. 1) and an EcoRl site at the 5' end of the TNF 
gene. The two synthetic primers encode the missing 
C H 1 -hinge amino acid residues (Fig. 2). The intron was 
deleted for possible future expression of the chimeric 
gene in a prokaryotic system. 

Since the synthetic TNF gene fragment does not 
include a polyadenylation signal, the human gamma-I 
polyadenylation signal was added to the 3' site of the 
chimeric construct. Therefore, the signal containing 
Xmnl-Sacl restriction fragment of the human gamma-1 
gene was ligated to the BamHl site of the TNF gene, 
after filling in of the latter site with Klenow polymerase 



<*> 12} (3) 

C* D K T H T EFH SSS 
TGT GAC AAA ACT CAC ACA GAA TTC ATG TCT TCI TCT 

-EcoRI- 

Fig. 4. Junction between antibody heavy chain ana TNF DNAs. (1) 
part of the hinge region, including the cysteine for disulphide forma- 
tion with light chain (C* ); (2) amino acid residues introduced while 
cloning, including the methionine, used for expression of the TNF 
DNA in E coli; (3) mature TNF sequence, of which the first two 
codons were deleted. 



and dNTPs. Thus, both Xmnl and BamHl sites were 
deleted, but the stop codons at the 3' end of the TNF 
gene were left intact In this way, the polyadenylation 
signal is preceded by 78 nucleotides of the C H 3 coding 
region of the gamma-I gene, creating an immuno 
globulin-like gene and mRNA. litis strategy was fol- 
lowed, because non-Ig derived untranslated 3' regions 
of immunoglobulin gene constructs can decrease expres- 
sion levels by destabilizing the mRNA [27]. Fig. 3 
depicts the cloning scheme that was used to build the 
heavy chain-TNF gene. The junction between antibody 
heavy chain and TNF DNA is depicted in Fig. 4. Note 
that three amino acid residues in that junction are 
added, one of which is the methionine, the first residue 
translated during the expression of the genetically en- 
gineered TNF DNA in E. coli [17]. 

Establishment of a cell line secreting the Fab-like hybrid 
protein 

The chimeric heavy chain-TNF gene was cloned as a 
HindllhBamHl fragment into the SV40-derived selec- 
table shuttle vector, pSVgptMOV H NP, which contains 
the gpt gene as a selection marker (see Materials and 
Methods). In the final construct, the expression of the 
fusion protein is regulated by an immunoglobulin tran- 
scription enhancer element and promoter, both situated 
upstream of the chimeric gene (Fig. 5A). The presence 
of an immunoglobulin gene derived signal peptide se- 
quence should direct the secretion of the hybrid protein. 
The chimeric light chain gene was cloned into pSVhyg, 
a pSVneo derived plasmid containing the hygromycine 
resistance gene (Fig. SB). 



Fig. 3. Construction scheme of the heavy chain-TNF fusion gene. Vector sequences and promoters are shown as small boxes, introns and other 
non-coding regions as lines and exons as large boxes. The heavy chain variable region sequence is shown in black, Ig constant regions are white 
boxes and the TNF DNA box is stippled. Only restriction sites relevant to this construction scheme are shown; structural features of the vectors 
(antibiotic resistance genes, etc) are not shown. (1) An 0.8-kb Psil fragment of the chimeric heavy chain gene was redoned into the Pstl polyiinker 
site of pUC18 and a clone of the right orientation (as depicted in figure) isolated. (2) This plasmid was cut with Styl and EcoRl, treated with 
Klenow polymerase and dNTPs, and dephosphorylated. The 46 bp fragment, made with the two oligonucleotides No, 1 and No. 2, was subdoned 
into this vector, yielding pUC-DCHl-R (3) The TNF gene was isolated as an 03-kb EcoRl-BamHl fragment from M13mpl9-TNF, by first 
digesting the plasmid with Aim HI, treating with Klenow polymerase and dNTPs and subsequently digesting with EcoRl. This fragment was 
subdoned into the EcoRl-Sacl polyiinker sites of a pUC18 derived plasmid, together with a 0.7-kb Xnutl-Sacl fragment from the human gamma-1 
gene, containing part of the C H 3-domain and the poly A signal sequence. After additional subdoning experiments (not shown), an EcoRl site at 
the 3' region of the TNF DNA was created, yidding pUC-TNF-3'. The Ig gene was reconstituted by inserting into pUC-DC H l-H (4) the 0.4-U> 
Styl fragment derived from pUC-PstCHlEXH and (5) the 1.94* Jtindlll-Pstl fragment derived from pUC-CtiimlgQ. (6) The chimeric heavy 
chain-TNF gene was completed by inserting the 13-kb EcoRl fragment of pUC-TNF-3' into pUCStyDCHl-H, yielding pUC-CHl-TNF. AO 

junctions were checked by sequencing. 
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pBR322 SV40 

Fig. 5. Structures of the plasmids containing (A) the chimeric heavy 
chain-TNF gene or (B) the chimeric light chain. The chimeric heavy 
chain-TNF gene of pUC-CHl-TNF was subcloned into expression 
vector pSVgpt as a 4-kb //mdlll-BamH fragment, yielding pSVgpt- 
CH1-TNF. P, promoter; S, signal peptide sequence; E, enhancer; 
AMP (HYG), ampicillin (hygromycin) resistance gene; ori, origin of 
replication. 



The light chain gene containing expression vector 
was used to transfect mouse SP2/0 cells. After transfec- 
tion, selection with hygromycin yielded several light 
chain secreting clones, detected by human kappa-detect- 
ing ELISA. One of the clones, clone 12B5, was selected 
for subcloning by limiting dilution and further use. 

After transfection of cell line 12B5 with the heavy 
chain-TNF gene containing vector, and selection for the 
presence of the gpt gene, clones were isolated of which 
the culture supernatant was positive in the human 
IgGl-detecting ELISA. The polyspecific anti-IgG anti- 
bodies used for coating and detecting the human anti- 
body, apparently recognize en ugh epitopes in the 
C H 1 -domain to render the samples positive in the 



ELISA. One clone, 5B4, was identified as the best 
producer and used for further analysis. The amount f 
secreted fusion protein of this clone gave the same 
optical density in the human IgG-ELISA as a 15-25 
ng/ml solution of pure human IgG protein. The actual 
concentration of fusion protein will be higher, because 
the ELISA was standardized with intact human IgG- 
protein and the fusion protein is much smaller. 

Characterization of the Fab-like hybrid protein 

Supernatant of clone 5B4 (15 ml) was used for im- 
munoprecipitation with goat anti-human IgG-Sepharose 
beads. The precipitated proteins were eluted, fractionat- 
ed on SDS-PAGE and transferred to PVDF membrane 
for imxnunoblotting analysis. Supernatant of trans- 
fectoma 13A5, a cell line secreting the mouse/ human 
chimeric antibody directed to the human transferrin 
receptor [12] was treated in the same way as a control. 
Immunoblot analysis was carried out with human IgG 
or TNF detecting reagents (see Materials and Methods). 
As seen in Fig. 6B t cell line 13A5 secretes a n rmal 
heavy chain, which can be detected using the anti-hu- 
man IgG antisera only. Transfectoma 5B4 on the con- 
trary secretes a fusion protein which reacts with b th 
antihuman IgG (Fig. 6B) and anti-TNF (Fig. 6A) anti- 
sera. The molecular weight of the fusion protein is as 
expected : 45 kDa (28 kDa from the antibody portion, 
17 kDa from the TNF portion). A TNF-detecting im- 
munoblot analysis of another sample, treated in the 
same way, revealed an additional band of higher molec- 
ular weight (Fig. 6C). This additional band might have 
arisen from incomplete processing of the hybrid mole- 
cule. Differences in glycosylation are unlikely to be the 
cause, because there are no potential JV-glycosylation 
sites, neither in this part of the antibody heavy chain, 
nor in the TNF region. The same doublet of bands has 
been seen for the gene products of the fusions of the 
murine IgG2b heavy chain and the S. aureus nuclease 
[9] and a similar fusion of aequorin [29]. 

In the immunoblot analysis, no degradation products 
can be detected. In addition, culturing the 5B4 cells in 
serum free medium for three days, which results in 
massive cell death and subsequently release of intra- 
cellular proteinases, did not harm the integrity of the 
fusion protein, as verified by immunoblot analysis (re- 
sults not shown). These results indicate that the fusion 
protein is secreted as a stable and relatively proteinase- 
resistant protein. As expected, protein A-Sepharose 
failed to precipitate the fusion protein (the binding site 
of protein A is believed to be near the junction of the 
C H 2 and C H 3 domains, which was deleted in the con- 
struct). 

The native structure of the protein is not yet kn wn. 
Immunoprecipitation with antihuman IgG-Sepharose of 
in vivo radiolabeled 5B4 supernatant showed that the 
light chain coprecipitated with the heavy chain-TNF 
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Fig. 6. (A,B,C) Iramunoblot analysis of culture supernatant of transfectomas 13AS (secretes chimeric antitransferrin receptor antibody) and SB4 
(secretes light chain and heavy chain-TNF fusion protein). Supernatant was immunoprecipitated with goat anti-human IgG-Sepharose beads, 
eluted and fractionated on 12.5% SDS-PAGE. The proteins were transferred to a membrane and antibodies were detected using anti-human IgG 
(B) or anti-TNF (A and C), as described in Materials and Methods. The positions of M t markers are indicated (M r x 10 ~ 3 ). (D) Immunoprecipita- 
tion analysis of in vivo labeled culture supernatant of 5B4 and 13A5. The samples were immunoprecipitated using goat anti-human IgG-Sepharose 
beads, eluted, reduced and fractionated on 12.5% SDS-PAGE, after which an autoradiogram of the gel was made. The position of the antibody 

heavy and light chains is indicated. 



protein (Fig. 6D), pointing out that the antigen-binding 
domains are in the expected configuration. 

TNF activity upon mouse and human cell lines 

The cytotoxicity of the supernatant of the 5B4 trans- 
fectoma on various cell lines was analyzed. The cells 
were incubated in 200 pi medium containing a variable 
amount of supernatant of SP2/0 cells (non producer), 
13A5 (chimeric antibody) or 5B4 (fusion protein). After 
1, 2 or 3 days the amount of living cells was determined 
using the MTT-staining method. Fig. 7 depicts the 
growth curves of the mouse L929 fibroblast cell line and 
the relatively TNF-resistant human MCF-7 breast 
carcinoma. As shown in Fig. 7, only SB4 supernatant 
has a growth inhibiting effect upon both cell lines. The 
antitransferrin receptor antibody f 13A5 doesn t cause 
growth inhibition, because there is no competition with 
transferrin for binding to the receptor. Similar assays 
with cell lines HL-60 and MOLT-4 showed the same 



growth inhibitory effect of 5B4 supernatant (results not 
shown). 

According to the L929-assay, the 5B4 supernatant 
contains approximately 10 U TNF/100 ul. However, 
the growth of MCF-7 cells, which can not be inhibited 
with 400 U TNF as tested with pure TNF, can be 
influenced with the 10 U TNF-containing 5B4 super- 
natant This difference might be explained by the target- 
ing effect of the antibody-TNF molecules to human 
cells due to the transferrin receptor binding. Since the 
antibody recognizes human transferrin receptor only, 
there is no targeting to the murine L929 cells. To gain 
insight into this hypothesis, a competition assay was 
performed: if targeting of the TNF molecule happens 
through the transferrin receptor, the intact chimeric 
antibody should be able to block the toxicity by com- 
petiting for the same receptor. L929 and MCF-7 cells 
woe incubated with various amounts of SB4 and 13AS 
supernatants and combinations of both. Fig. 8 shows 
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Fig. 7. Growth curves of L929 (left) and MCF-7 (right) celts, in the presence of culture supernatant of SP2/0 (non-producer) and transfectomas 
13AS (secretes chimeric antitransferrin receptor antibody) and SB4 (secretes light chain and heavy chain-TNF fusion protein). Culture supernatant 
was added at the indicated dilution (:2, :4, etc.) and living cells were quantified in an MTT-assay after 1, 2 or 3 days. 
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Fig. 8. Growth of cells in the presence of culture supernatant of 
transfectomas 13 AS (secretes chimeric antitransferrin receptor anti- 
body) and 5B4 (secretes tight chain and heavy chain-TNF fusion 
protein), at a given dilution (:2, :4, no) and combination. *+* means 
no effect on growth, normal growth; * - * means growth inhibition. 



that 13A5-supematant can indeed block TNF-toxicity 
of 5B4-supernatant to the MCF-7 cells only. The results 
strongly support the hypothesis, suggesting the targeting 
of the antibody-TNF fusion protein to human cells has 
been accomplished. 

Discussion 

The data presented here describe the construction 
and expression of an antibody heavy chain-TNF gene. 
A cell line was obtained secreting light chain and detec- 
table amounts of heavy chain-TNF fusion protein. Few 
genetically engineered antibody-enzymes have been de- 
scribed so far, using Staphylococcus aureus nuclease and 
c-myc [9], Klenow polymerase [28], tissue plasminogen 
activator [10] and the photoprotein aequorin [29]. In 
most cases the enzyme or other protein was linked with 
its N-terminal end t the C-terminal end of the mouse 
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gamma2b constant region, yielding a potential F(ab') 2 - 
like molecule. We for the first time used the human 
gamma-1 gene and DNA encoding human TNF for the 
production of an antigen-binding fusion protein. So far, 
TNF has only been used nee in an N-terminal linked 
gene fusion, i.e. with human thymosin /? 4 [30]. The 
fusion did not change the activity of TNF. 

Alike the antibody-enzymes mentioned above, lin- 
kage of the non-antibody region (in the present study 
TNF) to the antibody moiety had no deleterious effect 
upon the secretory pathway followed by the antibody 
protein. The level of secretion (estimated to be in the 
ng/ml range: 15-25 ng/ml) was lower than for the 
antibody-enzymes previously described, although cor- 
rect values can be obtained after purification of the 
recombinant protein only. To obtain higher expression 
levels of the hybrid molecule, amplification of the gene 
by the dhfr system can be tried out [31], or alterna- 
tively, expression in £ coli as a Fab-like or single-chain 
antibody-TNF protein, as was done for other molecules 
[32-34] can be envisaged. 

The culture supernatant of the transfected cell line 
5B4, producing light chain and heavy chain-TNF pro- 
tein, contained growth inhibiting activity upon murine 
and human cell lines. Therefore, the fusion product has 
TNF-activity, but the specific activity was not yet de- 
termined. Whereas the active form of TNF is a compact 
trimer [35], the active native form of this Fab-like 
antibody-TNF protein and its possible trimerization 
remain to be elucidated. The TNF-activity of the super- 
natant of 5B4 upon human MCF-7 cells was inhibited 
by adding the antitransferrin receptor antibody, sug- 
gesting (i) competition between antibody and Fab-like 
antibody-TNF for the same receptor and correct assem- 
bly of the heavy and light chain regions of the protein, 
(ii) the initial goal, that is targeting of TNF towards 
human transferrin receptor rich cells, was achieved. The 
initial TNF-activity might result not only from the 
concentrating effect of direct binding to the plasma 
membrane, but also from the appropriate trafficking of 
the hybrid molecule. 

The use of a mouse/ human chimeric antibody lin- 
ked to human TNF, is the first attempt to produce a 
more human immunotoxin-like molecule. Inununoto- 
xins were long expected to become the magic bullets for 
treatment of cancers and other diseases [36]. However, 
the toxins used so far comprise the extremely toxic 
proteins isolated from bacteria and plants (diphtheria 
toxin, Pseudomonas exotoxin, ricin, etc.; for a review 
see Ref. 37). One of the problems with these proteins is 
that, since in the immunotoxins neither the toxins nor 
most of the antibodies are human, immunot xins evoke 
an immune response when used for human cancer ther- 
apy [38]. The use of chimeric [13], humanized [39] or 
human antibodies linked to human proteins with toxic 
properties like TNF would circumvent many problems 



seen with the classical immunotoxins. The results pre- 
sented in this study indicate the potential of the anti- 
body engineering technique to develop totally new, more 
human-like and more potent anticancer agents. 

Work is in progress to purify and determine the 
native structure of the hybrid protein as well as the 
activity of the protein upon other cancer and normal 
cells. Purification of the new protein will also enable us 
to determine the affinity constants of the protein for the 
human transferrin receptor and the TNF receptor and 
to elucidate the mechanism of action of this new anti- 
body-cytokine molecule. 
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Summary 

Induction of a T-cell mediated antitumor response is the ultimate goal for tumor immunother- 
apy. We demonstrate here that antibody- targeted 1L2 therapy is effective against established 
pulmonary and hepatic melanoma metastases in a syngeneic murine tumor model The effector 
mechanisms involved in this tumor eradication are not dependent on NK cells, since the thera- 
peutic effect of antibody-IL2 fusion protein was not altered in NK cell-deficient mice. In con- 
trast, T cells are essential tor the observed antitumor effect, since therapy with antibody- 1 L2 fu- 
sion proteins is unable to induce tumor eradication in T cell-deficient SOD mice. In vivo 
depletion studies characterized the essential effector cell population further as CDK+ T cells. 
Such CD8+ T cells, isolated from tumor bearing mice after antibody-directed IL2 therapy, ex- 
erted a MHC class I-restricted cytotoxicity against the same tumor in vitro. These data demon- 
strate the ability of antibody-targeted IL2 delivery to induce a T cell-dependent host immune 
response that is capable of eradicating established melanoma metastases in clinically relevant 
organs. 



Most progressively growing neoplasms, e.g., mela- 
noma, do not provoke antitumor immune responses 
that are capable of controlling the growth of malignant 
cells, in spite of the fact that these cells express tumor-asso- 
ciated, T cell epitopes. Almost two decades ago, Talmage 
et al. (I) first described a tumor cell line that failed to in- 
duce an allogeneic T cell response despite its apparently 
normal expression of MHC' molecules. Furthermore, they 
demonstrated that this defective T cell activation could be 
restored by cytokines (1); thereby providing the rationale 
for cytokine based forms of immunotherapy. 

A therapeutic approach currently receiving much atten- 
tion is the ex vivo genetic modification of tumor cells to 
express various cytokines (2, 3). When produced by tu- 
mors, many of these cytokines induce a local inflammatory 
response which results in elimination of the injected tumor 
cells. In some cases, systemic immune responses are gener- 
ated against challenge with the wild-type parental tumor. 
Since most cytokines are paracrine factors working physio- 
logically at high concentrations within a few cell diameters 
from their cell of origin, this gene transfer approach, in 
general can not be replaced by systemic cytokine adminis- 
tration unless the cytokine is directed preferentially to the 
tumor site (4). 

We recently demonstrated the feasibility of an alternative 
therapeutic approach for cancer that combines high local 
concentrations of cytokines in the tumor microenviron- 



mcnt, low systemic toxicities, and a technically simple 
modus operandi (5, 6). This goal was achieved by the con- 
struction of fusion proteins consisting of tumor-specitic 
monoclonal antibodies and cytokines; thereby, employing 
the unique targeting ability of antibodies to direct cyto- 
kines to the tumor site. Here, we demonstrate the effec- 
tiveness of antibody-targeted IL2 therapy tor established 
pulmonary and hepatic melanoma metastases in a syngeneic 
tumor model that enabled the analysis of effector mecha- 
nisms responsible for the therapy-induced tumor eradica- 
tion. This analysis revealed COS+ T cells as the essential 
effector population. 

Materials and Methods 

Cell Lines, Animals, and Reagents. The murine melanoma cell 
lines. HI A and H7H-D14. have Ixcii described previously (7). 
H7H-D14 was derived from HI 6 melanoma cells by transfection 
with genes coding for 0-k4-\-acctylgaIactosaminyItraiisfcrasc 
and a-2.K-siaIyltransfer.isc inducing a constitutive expression of 
the gangliosides G n2 and 

Mouse/luiuian chimeric antibodies directed against the ECiF 
receptor (ch225) or G n: (chU.IK) were constructed by joining 
the cl)NA for the variable region of the murine antibodies with 
the constant regions of the y\ heavy chain and the k light chain. 
The antibody-interleukin 2 fusion protein ch!4.18-lL2 was con- 
structed by fusion of a synthetic sequence coding for human IL2 
to the ca'boxyl end of the human Oyl gene followed by inser- 
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tion into the eukaryotic expression vector pdHL2. The resulting 
vector was introduced into S^2/0-Agl4 cells. Each u.g of fusion 
protein corresponds to approximately 3,<H>0 IU of IL-2 activity. (5). 

C57BL/6J, C57UL/6J fa/ty and C57BL/6J seid/scid mice were 
obtained from Jackson Laboratory at the age of 4-6 \vk and 
housed under specific pathogen-free conditions. 

lit l ltv Depiction with tuAli. Kat IgG > , anti-CI )4 (clone H 1 2'). 1 <>) 
and rat IgG^, anti-CDK (clone 53-6.7) niAb were used for in vivo 
depletioiPof V cell subsets (8). Protocols yielding maximum de- 
pletion of T cell subsets, i.e., over "5% as determined by indirect 
immunofluorescence staining and cytofluomctric analysis of lymph 
nodes and spleens, consisted of weekly i.p. injections of 5<M) u,g of 
the respective mAb. 

lixperimenhil Ltn\> Mvtastitses. Single cell suspension of 5 X 
Hr* tumor cells in 500 u.1 I'HS were injected into the lateral tail 
vein. After 7 d micrometastases were present disseminated through- 
out the lungs and were invading into the pulmonary alveoli. At d 
28 after tumor cell injection, grossly visible metastases were present 
on the surface of the orpin. 

iLxperintenhd Hepatic Metiisuises. Tumor cells (2.5 X W) were 
injected in 100 fil KPMI lo40 with a 27-gauge needle beneath 
the splenic capsule over a period of Ml s, followed by ligation of 
the splenic pedicle with a 4.0 silk suture and the removal of the 
spleen. 7.5 d after this procedure the animals were sacrificed and 
examined for metastases. 

Biodistribution. The ch!4.18-IL2 fusion protein was labeled 
with '-M as described (f>). Experimental hepatic or pulmonary me- 
tastases were induced as described above. I ( > d after tumor cell in- 
oculation, animals received one i.v. injection of 5 inCi ,2: 1-labeled 
ch14. 18-IL2 fusion protein. Animals were killed 12 h after injec- 
tion. 

Staththtil Analysis. The statistical significance of differential 
findings between experimental groups of animals was determined 
by student's / test. The nonparametric Wilcoxon rank sum test 
was chosen when the data were not amenable for parametric tests 
as defined by the David- Pearson-Stephen's test. Findings were 
regarded as significant if two-tailed /'values were ^0.01. 



Results 

'Hierapeittic llfftcacy of Antibody- 1 L2 httsion Proteins. We 
previously demonstrated that the genetic fusion of IL2 to 
the carhoxy-terminal end of an antibody heavy chain changes 
neither the biological activity of IL-2 nor the binding affin- 
ity of the monoclonal antibody (5, 6). To test the effect of 
these antibody-IL2 fusion proteins on melanoma metastases 
in vivo, we employed a number of different experimental 
tumor models using BI6 melanoma cells, which had been 
transfected with genes coding for (J- 1 ,4-iV-acetylgalac- 
tosaminykransferase and a-2,8-sialyl transferase resulting in 
a constitutive expression of the gangliosides C; 02 , the anti- 
gen recognized by ch 14.1 8-1 L2. These tumor cells form 
experimental pulmonary and hepatic metastases following 
intravenous or intrasplenic injection, respectively. After 1 
wk these were present as disseminated, established micro- 
metastases. 

Th^Ed^eries of experiments addressed the effect of the 
antibody-! L2 fusion protein on disseminated, established 
pulmonary metastases. Treatment of mice 1 wk after tumor 
cell inoculation by i.v. administration of 8 u,g chl4.18-IL2 



fusion proHn for 7 d completely eradicated pulmonary 
micrometastases in 14 of 16 animals (Table 1). This com- 
plete eradication of micrometastases was confirmed by his- 
tologic examination of serial sections of lung specimens 
(data not shown). For the remaining two animals the tumor 
load was dramatically reduced to one or two grossly visible 
pulmonary foci, as compared to control animals which suf- 
fered from more than 5(H) pulmonary metastases, after re- 
ceiving either no treatment or the combination of equimo- 
lar amounts of recombinant IL2 (24,000 I.U.) and chl4.18 
mAb (8 p,g). Similar results were obtained when animals 
bearing disseminated hepatic metastases established for 7 d 
were treated i.v. with 8 u,g chl4. 1S-IL2 fusion protein for 
7 d (Table 1). This treatment resulted in complete regres- 
sion of micrometastases in 87.5% of these animals. The 
specificity of the antitumor effect of ch!4.18-IL2 fusion 
proteins was established, since a fusion protein that is not 
reactive with the tumor cells completely failed to exert any 
antitumor effects (Table 1). Differences in the number of 
metastatic pulmonary foci or the hepatic metastatic score 
between animals receiving the specific fusion protein and 
those subjected to other treatments were statistically signifi- 
cant (P ^0.002). 

Although no metastatic foci could be detected by mac- 
roscopic and/or histologic examination in the animals fol- 
low ing treatment with ch 14.1 8-1 L2 these mice could still 
suffer from minimal residual disease. Survival studies were 
performed to measure the extent of such a hypothetical re- 
sidual disease. The mean survival time of mice after induc- 
tion of experimental pulmonary metastases without further 
treatment was 4 1 d. This survival time was not significantly 
altered by the administration of ch 1 4. IS antibody in com- 
bination with recombinant IL2 (mean = 44 d), but was 
more than doubled by treatment with the ch 14.1 8-1 L2 fu- 
sion protein. The same was true for mice suffering from 
hepatic metastases. These mice lived at least twice as long 
after therapy with ch!4.18-lL2, than control animals (mean 
51 or 55 d, respectively). Only one of the treated animals 
died within the observation period. At the end of the ob- 
servation period a post mortem examination revealed no 
metastatic disease in any of the major peripheral organs or 
the central nervous system. 

Biodistribution of Hi 14. 18-IL2. We previously demon- 
strated that fusion proteins localize in antigen-expressing 
subcutaneous tumors in nude mice (6). However, the clin- 
ically more relevant question is whether the fusion protein 
is able to target micrometastases in affected organs of a syn- 
geneic host. The biodistribution of '- 5 I-ch 14.1 8-1 L2 fusion 
protein in C57BL/6J mice suffering from either hepatic or 
pulmonary metastases, 10 d after experimental induction with 
B78-DI4 melanoma cells, is shown in Fig. I. The amount 
of radioactivity in livers and lungs of these or naive animals 
was determined 12 h after i.v. injection of '-M-ehH.IK- 
IL2. This analysis revealed a strong localization of the tu- 
mor specific fusion protein within the tumor bearing or- 
gans. Since only parts of the organs' tissue is involved in the 
metastatic process, the ratio of ,23 I-ch14.18-IL2 fusion pro- 
tein localizing to the tumor or to normal tissue can be ex- 
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Table 1. lifiect of the Tumor Specific Amibody-IL2 Fusion Protein on Established Pulmonary and Hepatic Metastases 



I'ulmonarv metastasis 



Treatment* 



No. of Foci 



Hepatic Metastasis 



None 

r!L2 + chU.18 

ch225-IL2 
chl4.IH-lL2 

Treatment 
None 

iIL2 + chU.IK 
chl4.1«-IL2 



254. >5<ki, >5<M>, >5<«>, >5<K>. >S(M). >5<»n, >5Utt* 
>5(K), >5tM). >5<lli, >5<H), >5<M», >5(HI, >5<Ki 
W>. 1(V7, 231. >5<H), >5<M>, >5(Ml, >5<M», >5()0 
82, 151, 154, 163. >5lH>, >50t!, >5nu. >5(Kl 
1 13, 136, 2(M», >5(M), >5ou, >5no, >5<ki 
o, o, o, o, o. o, I, 2 
o.n. n.n.o.o. o,(i 



Metastatic Score 5 



2, 3. 3. 3, 3, 3. 3 
2, 2. 2. 3, 3. 3, 3. 3 
o. (». o. o, o, o. o. J 



'Experimental pulmonary and licp.uu- metastases were induced by i.v. injection of *i> X lir or intrasplcnic injection of 2.5 X Ur> U7H-DI4 cells, re- 
spectively Treatment was started 1 \vk thereafter and consisted of daily i.v. administration of PBS, 8 jt^ chimeric monoclonal antibody chl4.IK and 
24( Mtn IU recombinam IL2. or 8 mg of either the non-specific fusion protein ch223-IL2 or the tumor-specific fusion protein ch!4.18-IL2 as indi- 
cated tor seven consecutive days. 

x All experiment.il groups were started w ith eight mice; animals found dead before the planned killing date were not included in the evaluation. 
I )ifferences in numbers of metastatic foci and scores between the fusion protein group and all control groups were sutistically significant 
{/>3£(UHH). 

Results are given a* metastatic score with *> = no visible metastatic foci. I = less than 5% of the liver surface covered with metastatic foci, 2 = be- 
tween 5 and Sit",, <>f the liver surface covered with metastatic foci, and 3 = more than 50% of the liver surface covered with metastatic foci. 



ported to bo even higher than the experimental results in- 
dicate. 

7* Civil Dependency of Fusion Protein-induced Tumor Rejec- 
tion. To test whether NK cells are essential for the antitu- 

220-1 




Lung Liver 



Figure 1. liiodistribution of cM4. 18-IL2. C57UL/6 mice bearing ei- 
ther no {whin), pulmonary (rtn/NvQ. or hepatic {Mack) metastases estab- 
lished for 14 d were injected with 5 fiCi '-M-labeled ch14.18-IL2 and the 
amount of radioactivity in lung or liver was measured 1 2 h thereafter. 
Each value represents the mean and standard deviation for three animals. 



mor effect of antibody-lL2 fusion proteins, we induced ex- 
perimental pulmonary metastases of B78-D14 colls in 
C57BL/6 beige/ heigv mice. Since those mice lack functional 
NK activity, any therapeutic host response induced is inde- 
pendent of NK cells. This was the case, as treatment of tu- 
mor bearing NK-deficient mice with eh 14.1 8-1 L2 caused a 
complete eradication of tumor micrometastases (Table 2). 
The second scries of studios with immunodeficient mice 
addressed the relevance of T colls for the observed tumor 
eradication. B78-D14 cells were injected i.v. into T cell- 
deficient C57BL/6 scid/scid mice and therapy with chl4.18- 
IL2 was started 7 d thereafter. In the absence of T colls the 
therapeutic efficacy of the antibody-IL2 fusion protein is 
dramatically reduced. In fact, a complete eradication of mi- 
crometastases was not achieved in any of the animals (Table 
2). This observation strongly suggests a T cell-dependent 
mechanism for the demonstrated antitumor effect. Thus, 
the participation of T cell subsets in the fusion protein- 
induced tumor regression was investigated by systemic in 
vivo depletion of T coll subpopulations with specific anti- 
bodies. Since NK cells might bo able to substitute for some 
functions of depleted T cell populations, these studies were 
done in C57BL/6 beige /beige mice. Those studios revealed 
that depletion of CD4+ T colls did not significantly inter- 
fere with the antibody-IL2 induced immune response (Ta- 
ble 2), In contrast, depletion of CD8+ or both CD4 + and 
CD8+ cells abrogates the therapeutic effect of the adminis- 
tered fusion protein. Provided that depletion of each T cell 
subset was effective and specific, these results indicate that 
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Table 2. Effect of AntibMy-iL2 Vmion lutein Therapy on Micrometastases 


in hmmmodvficient and T Ccll-depletvd Mice 

" — — - 


■ — - 

Mice* 


In vivo depletion* 


1 riMUiK hi 


No. of Foci 

- 


C57BL/6 beige /heige 


None 


None 


>5<MI, >500, >5(MI, >5<«K >5(><», >5IH>, >501l- 




None 


rlL— + t n i i n 


149, 187, >50l», >5(H», >5<K), >500, >5<MI, >5<M> 




None 


.1. 1 1 1U no 

en 14. Io-ilj 


0, 0, 0, 0, 0, 0, 3, 21 


C57BL/6 scid/scid 


None 


None 


>500, >500, >5<KI, >5<K», >5(M), >5M(» 




None 


HL2 + ch 14. IS 


14", 187, >5il0, >5IM>. >5<H>. >5<I0, >5l»0, >5<N> 




None 


cht4.lH-IL2 


•J8. 131. 15*). 171. 180, 180. 2011, >500 


C57BL/6 beige/beige 


None 


None 


>500, >5oo, >5on, >5<mi 




None 


chl4.IH-IL2 


t». o, o, 2 




Cl>4 


clil4.tH-IL2 


0.0. 22. n2 




a>8 


ch 14.1 8-1 L2 


56. 1 K K 126, >5<«» 




cm + Cl>8 


ch 14.1 8-1 L2 


78. 142, >500, >500 



* Experimental pulmonary metastases were induced in C57UL/n heigc /hip i>r siid/sdd mice by i.v. injection of 5 X |n" U78-DI4 cells; treatment 
was started I wk thereafter and consisted of daily i.v. administration of I'HS, 8 p.g chimeric monoclonal antibody chl4.l8 .ind 24 ,« Mill IU recombi- 
nant IL2 or 8 p.g of the tumor-specific fusion protein eh 1 4. IK-IL2 as indicated fur 7 consecutive days. 

K;57lJL/f» beige /beige mice were depleted of CD4 + , CDK+ or both cell populations by weekly i.p. injections of Sim p.g anti-CIM. anti-CIDS or 
both mAb starting 3 d before induction of tumors. 

•All experimental groups were started with eight mice; animals found dead before the planned killing date were not included in the evaluation. 



only the presence of CDH 4- T cells is mandatory for tumor 
eradication. 

The third line of evidence indicating the involvement of 
CDH 4- T cells was provided by cytotoxicity studies. Spleen 
cells isolated from mice after induction of pulmonary me- 
tastases and subsequent treatment with chl4. IH-IL2 dis- 
played a high cytolytic activity against B78-D14 cells in a 
4-h 5I Cr-release assay (Fig. 2 A). Enrichment for CDH + T 
cells, demonstrated that this cell population provides the 



major contribution to the detected cytolytic activity (Fig. 2 
if). Furthermore, blocking studies with antibodies against 
H-2K'VH-2D h antigens (clone 28-8-6, C3H lgC> ( , k) 
proved that the killing of B7H-D14 cells by either unse- 
lected primed lymphocytes or the CDH+ subset thereof is 
MHC class I restricted. In contrast, spleen cells from tumor 
bearing mice treated with the same amount of a fusion pro- 
tein (ch225-IL2) not reacting with the tumor showed no 
specific lysis of tumor cells. 




Figure 2. T cell mediated cy- 
totoxicity a^iinst U78-DI4 in- 
duced by antibody-IL2 fusion 
proteins. (*57lH./f» mice bearing 
pulmonary metastases of H78- 
DI4 melanoma cells, were 
treated I wk after tumor induc- 
tion with 8 u.g chl4.18-IL2 
(>,/r;<m>) or nonspecific fusion 
protein ch225~IL2 {decks) for 
7d. Splcnocytes (A) or Cl>8+ 
celb (B) were isolated 3 d after 
cessation of therapy and analyzed 
for their lytic activity against 
1178-1)14 cells. Experiments 
were performed i:i the absence 
(lywi symMs) or presence {closed 
symMs) of an excess (50 u.g/ml) 
of antibodies directed against 
H-2K h /H-2l) b MHC* class I an- 
tigens (clone 28-8-6, OH IgCJ^. 
k). Percentage of specific lysis is 
plotted on the y-axis for various 
effector to target rations. Each 
value represents the mean and 
standard deviation for three ani- 
mals. 
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Discussion 



Antibody-cytokine fusion proteins combine the unique 
targeting ability of antibodies with the multifunctional ac- 
tivity of cytokines. In the present report we demonstrate 
the therapeutic effectiveness of such constructs for the 
treatment of established hepatic and pulmonary melanoma 
metastases. Several lines of evidence, i.e., in vivo depletion 
studies and in vitro cytotoxicity assays, indicate that this an- 
titumor effect is largely dependent on CDH+ T cells, which 
kill the tumor cells in an MHC dais I-restricted manner. 

Since becoming available in recombinant form, IL2 has 
been used as an in vivo T cell growth factor in the treat- 
ment of patients with advanced renal cell carcinoma or 
melanoma (4). The aim of this partially successful approach 
is to generate or propagate tumor-reactive lymphocytes. 
Forni et al. demonstrated that injection of a physiological 
dose of IL2 directly into tumors caused suppression of their 
growth (')). The major advantage of an in situ application is 
that it avoids certain forms of toxicity associated with the 
systemic use of cytokines. Recently, in situ cytokine ther- 
apy has been developed further by transferring cytokine 
genes into tumor cells (2, 3). We reasoned that by using the 
targeting ability of tumor-specific monoclonal antibodies 
we could develop a technically more simple strategy to 
achieve effective concentrations of IL2 in the tumor mi- 
croenvironment (5). We demonstrate here that this ap- 
proach is capable to induce and maintain effective 1L2 con- 
centrations at the tumor site. Analysis of the biodistribution 
of ,2 *I-ch 14.1 8-1 L2 demonstrated its localization in tumor 
bearing livers and lungs. Therefore, it seems feasible to 
achieve effective local cytokine concentrations at the tumor 
site in a non personalized way, which makes this approach 
more practicable for clinical applications than the ex vivo 
transfer of cytokine genes. Furthermore, antibody-targeted 
IL2 therapy is essentially different from such gene transfer 
approaches with regard to the order of events; the latter 
aims at the induction of an antitumor host immune response 
by re-inoculation of IL2-producing tum rtr cells, whereas 
antibody-IL2 fusion protein therapy dire-. . L2 to the mi- 
croenvironment of established tumors. This is particularly 
noteworthy, not only because of the high clinical relevance 
of this setting, but also because it might change immune re- 
actions in several ways. The host immune system has most 
likely encountered the tumor before th? immune modula- 
tion is initiated. Therefore, priming of T cells may have al- 
ready occurred via antigen presenting cells, e.g., macro- 
phages or dendritic cells; especially, since tumor cells are 
more sensitive to the innate cytodestructive effects of these 
cells immediately after inoculation than after establishment 
in micrometastases. Another possibility is that some tumor 



cells might have metastasized to the draining lymph node 
during this period. This would overcome the problem that 
naive T cells are compartmentalized in blood and lymphoid 
organs (10). 

Taking these considerations into account, there are a 
number of possible mechanisms by which antibody-IL2 fu- 
sion proteins can induce eradication of disseminated tumor 
metastases. First, the tumor cells themselves might interact 
with naive T cells with IL-2 acting as the second costimu- 
latory signal in the activation of cytotoxic T cells. A recent 
model proposed by J. Sprent for the activation of naive T 
cells provides the rationale for this mechanism (11) . Ac- 
cording to this model, high-avidity interactions oetween 
peptide-MHC class I complexes and the T cell receptor 
promotes strong cross-linking of T cell receptor-CD3 com- 
plexes, which in turn leads to strong signaling; thereby 
stimulating the production of cytokines, such as IL2, and 
receptors thereof; costimulation boosts the T cell receptor 
mediated signal. If the intensity of signaling is below a cer- 
tain threshold, e.g., when the density of peptide-MHC 
complexes or the level of costimulation is low, die re- 
sponding T cells express IL2 receptors, but no IL2. Hence, 
these T cells fail to proliferate unless exposed to exogenous 
IL2. The second possible scheme for die establishment of T 
cell activation is based on tumor antigens being processed 
by antigen-presenting cells that transfer to the lymph node, 
where T cell primLig then occurs. It has been shown that 
preacrivated macrophages, dendritic cells and granulocytes 
express receptors for IL2 and that in vitro culture with IL2 
causes functional changes in these cells (12, 13). After arriv- 
ing at the tumor site these cells may be activated by the an- 
tibody-targeted 1L2 to kill these tumor cells and subse- 
quently present the tumor antigens to T cells. One further 
possibility is that the CD8+ T cells act as non-specific I In- 
activated killer cells. However, since the applied amounts 
of IL2-activity are too low to induce a generalized LAK 
cell phenomenon (4), and application of a tumor-unspecific 
fusion protein failed to show any therapeutic effect or to 
induce B7H-D14 cytolytic cells, this possibility is rather un- 
likely. Furthermore, in vitro cytotoxicity studies confirmed 
the MHC class I restriction of the annbody-IL2 fusion pro- 
tein-induced immune response. 

In conclusion, we have demonstrated the efficacy of an- 
tibody targeted-IL2 in the treatment of established, dissem- 
inated melanoma metastases affecting clinically relevant or- 
gans. The fusion protein-induced eradication of the tumor 
is critically dependent on T cells, and is likely due to either 
priming of naive T cells, the activation of cytotoxic effector 
cells, or both. 
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ABSTRACT A genetically engineered fusion protein con- 
sisting of a chimeric anti-ganglioside GD2 antibody (chl4.18) 
and interleukin 2 (IL2) was tested for its ability to enhance the 
killing of autologous GD2-expressing melanoma target cells by 
a tumor-inffltrating lymphocyte line (660 TIL). The fusion of 
IL2 to the carboxyl terminus of the immunoglobulin heavy 
chain did not reduce IL2 activity as measured in a standard 
proliferation assay using either mouse or human T-cell lines. 
Antigen-binding activity was greater than that of the native 
chimeric antibody. The ability of resting 660 TIL cells to kill 
their autologous GD2-positive target cells was enhanced if the 
target cells were first coated with the fusion protein. This 
stimulation of killing was greater than that of uncoated cells in 
the presence of equivalent or higher concentrations of free IL2. 
Such antibody-cytokine fusion proteins may prove useful in 
targeting the biological effect of IL2 and other cytokines to 
tumor cells and in this way stimulate their immune destruction. 



Much attention has been focused on the use of interleukin 2 
(1L2) for cancer immunotherapy because of its stimulatory 
effect on a broad range of immune cell types, including both 
T and B cells, monocytes, macrophages, and natural killer 
cells. One class of cells resulting from in vitro or in vivo 
stimulation of immune cells has been called lymphokine- 
activated killer ceils (1), and therapeutic approaches using 
such populations have shown clinical responses with some 
tumor types (2). Other, more refractory tumors may show 
greater responses if monoclonal antibodies directed against 
these tumors are used in combination with IL2 (3, 4). Such 
antibodies mediate antibody-dependent cellular cytotoxicity 
(ADCC) through their interactions with both the tumor cell 
antigen and the Fc receptor (CD16) present on certain subsets 
of natural killer cells, monocytes, granulocytes, and macro- 
phages. 

While IL2 treatment in vivo leads to increases in both 
natural killer and ADCC activities, the cytolytic activity of 
antigen-specific, major histocompatibility complex (MHC)- 
restricted T cells may actually be reduced (5). Treatment of 
T cells with anti-CD3 antibody prior to IL2 exposure greatly 
increases T-cell cytolytic activity (6). Likewise, expansion of 
tumor-infiltrating lymphocytes (TIL) by culture in the pres- 
ence of high concentrations of 1L2 with periodic target-cell 
stimulation leads to substantial increases in cytolytic activity 
(7). Both approaches involve costimulation of IL2 and T-cell 
antigen receptors for expansion and maintenance of T-cell 
cytolytic activity. Thus, an optimal therapy might combine 
IL2 activation and tumor antigen presentation together with 
a tumor-specific antibody that mediates both complement- 
dependent cyt t xicity (CDC) and ADCC activities. By 
combining a chimeric anti-g?nglioside GD2 antibody 
(chl4.18) which has potent CDC and ADCC activities (8), 
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with IL2, we hope to target this cytokine to tumors such as 
neuroblastoma (9, 10) and melanoma (11) expressing GD2. In 
this way, relatively large amounts of tumor antigens should 
be present during IL2 activation for expansion of cytotoxic T 
cells, since melanoma cJ.\ lines have been reported to ex- 
press an average of 1.5 x 10 7 sites per cell for chl4.18 (8). 
Furthermore, the antibody would also be available to target 
Fc receptor-bearing cells that have been activated by the 
targeted IL2. 

The chl4.18 antibody used in this report has already been 
shown to mediate potent ADCC activity by IL2-activated 
peripheral blood mononuclear cells from cancer patients (12). 
We have focused on the ability of a chl4,18-IL2 fusion 
protein to stimulate the proliferation and cytolytic activity of 
a human T-cell line against autologous melanoma targets. 
This cell line, 660 TIL, is CD3 + , CD8 + , antigen-specific, and 
MHC class I-restricted and was originally obtained by out- 
growth from a human metastatic melanoma (13). A melanoma 
line, 660 mel, was derived from the same tumor and serves as 
a source for antigen stimulation and as an autologous target 
for 660 TIL (14). Results of this study show that tumor cells 
coated with a fusion protein in which IL2 is at the carboxyl 
terminus of the heavy-chain constant region 3 (CH3) exon of 
chl4.18 (CH3-IL2) efficiently stimulate resting 660 TIL cells 
:o kill autologous targets. These coated ceils serve as a model 
for tumors that have been targeted in vivo. 

MATERIALS AND METHODS 

Plasmid Constructs. The immunogiobuIir*-IL2 fusion pro- 
tein expression vector was constructed by fusing a synthetic 
human IL2 sequence to the carboxyl end of the human C y l 
gene. A synthetic DN A linker, extending from the Sma I site 
near the end of the antibody coding sequence to the single 
PvuW site in the IL2 sequence, was used to join the arnino- 
terminal codon of mature IL2 to the exact end of the CH3 
exon (CH3-IL2). The fused gene was inserted into the vector 
pdHL2-14.18 as described earlier for an antibody- 
lymphotoxin fusion protein construct (15). Additional con- 
structs were made in which the IL2 sequence was fused to the 
Sac I site in the hinge region of the human C r 3 gene 
(Fab-IL2) or to the end of the CH2 exon at a Taq I site 
(CH2-IL2). In both cases synthetic linkers were used to fuse 
the antibody and 1L2 sequences directly without introducing 
any additional amino acid residues. 

Transection and Purification. The expression plasmids 
were introduced into Sp2/0-Agl4 cells by protoplast fusion 
and selected in Dulbecco's modified Eagle* s medium 
(GIBCO) containing 10% fetal bovine serum and 100 nM 
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lymphocytes); C, constant; CH, heavy-chain C region; V, variable. 
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methotrexate. CI oes secreting the fusion proteins were 
id mined by EUSA (16). The highest rmMtucerswerc grown 
in increasing concentrations of methotrexate and stibctoned 
in medium containing 5 uM methotrexate. The CH3-4L2 
fusion protein was purified using protein A-Sepharose (Rep- 
ligen, Cambridge, MA) as affinity adsorbent. Small amounts 
of the Fab-IL2 and CH2-IL2 prot ins were purified using an 
anti-human k chain imrnunoaftinity column. 

Antigen-Binding Activity. The antigen-binding activity was 
measured in a solid-phase ELISA using a chloroform extract 
of human neuroblastoma cells as a source of GD2 (17). In 
some cases the fusion proteins were first treated with plasmin 
(0.125 casein unit/ml) in 50 mM Tris, pH 8/150 mM Nad for 
1-2 hours at 37°C. Aprotinin (Sigma) was added at the end of 
the digestion (200 kallikrein inhibitory units/ml) when the 
digested protein was tested for antigen binding or IL2 activ- 
ity. 

Human TIL Culture. The 660 TIL line and its autologous 
GD2 + tumor line 660 mel were established from a human 
melanoma tumor sample and maintained in culture as de- 
scribed (14). 

IL2 Assays. 1L2 activity of antibody-IL2 fusion proteins 
was assayed in standard T-cHl proliferation assays using 
either the mouse CTLL-2 line (18) or 660 TIL. After IL2 
depletion for 48 hr, 3 x 10 4 CTLL-2 cells or 10 5 660 TIL cells 
were added to individual wells of a 96-welI microliter plate in 
a volume of 0.2 ml with various concentrations of fusion 
protein (normalized for IL2 content) or recombinant IL2 
[either yeast-derived (Genzyme) or bacteria-derived (Hoff- 
mann-La Roche)]. After 72 hr v 0.5 /iCi (18.5 kBq) of [me thy I- 
3 H]thymidine was added to each well, and plates were 
harvested 12 hr later. All samples were tested in duplicate. 

Cytotoxicity Assays. Cytolytic activity of 660 TIL was 
measured in 5l Cr- release assays against 660 mel target cells. 
The 660 TIL cells were depleted of IL2 for 4 days prior to 
their use in assays except where noted. Target cells (3 x 10 6 ) 
were labeled with 300 fiCt of Na 2 31 Cr0 4 (Amersham) for 1 hr 
at 37°C and washed in RPMI 1640 with 10% heat-inactivated 
fetal bovine serum. For experiments in which target cells 
were coated with antibody, "Cr-labeled target cells (10 6 in 1 
ml) were incubated with chl4.18 or CH3-IL2 fusion protein 
(50 Mg/ml in RPMI 1640 with 10% heat-inactivated fetal 
bovine serum). After 1 hr at 4°C with periodic mixing, cells 
were washed three times with serum-containing medium to 
remove excess antibody and were used in cytotoxicity as- 
says. In some experiments the effect of adding either anti- 
body or IL2 at the time of assay was determined. Duplicate 
assay mixtures were incubated at 37°C for 7-16 hr. 

RESULTS 

Characterization of Immunog}obulin--IL2 Fusion Proteins. 
Several forms of antibody-IL2 fusion proteins were con- 
structed and expressed in transfected hybridoma cells. In 
initial studies we compared antigen-binding and IL2 activities 
of constructs consisting of a chimeric light chain, expressed 
in the same transfected cell with various truncated heavy 
chain-IL2 fusion proteins. In one case IL2 was fused to the 
beginning of the first hinge domain of the human gene 
(deleting CH2 and CH3 exons) and in another construct IL2 
was fused to the end of the CH2 exon (deleting CIO; Fig. 1 A). 
These heavy-chain fusion protein constructs were expressed 
together with the variable (V) regions of the anti-GD2 anti- 
body 14.18 and the human C m gene. Secreted heavy chains 
were found to associate with the chimeric light chain t form 
Fab-IL2 r CH2-IL2 fusion proteins, but the latter did not 
assemble into a whole antibody even though it contained an 
intact hinge region (Fig. \B). The covalent disulfide bonds 
that are normally involved in inter-heavy-chain binding are 
c ntained in the hinge. 
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Fig. 1. Construction of fusion protein genes and analysis of the 
expressed proteins. {A) 1L2 sequence (hatched box) was joined to the 
human (Fab-IL2) or C^ heavy-chain gene by using synthetic 
DNA linkers, to express (from top to bottom) Fab-4L1> CH2-4L2, 
and CH3-4L2 constructs. Unlabeled open box represents the hinge 
region. (B) Gel clectropboretic analysis of Fab-1L2 expressed with 
B72.3 V regions (lanes 1), chimeric 14.18 whole as&cdy (fesses 2), 
and CH2-4L2 expressed with 14.18 V regions (lanes 3). Sar.?les 
either were nonreduced (NR) or were reduced (R) with 2-mercap- 
toethanol. The gel was stained with Coomassie bine. 

The antigen-binding and IL2 activities of these proteins are 
summarized in Table 1. The Fab-IL2 protein containing the 
14.18 V regions had no antigen^hnding activity (within the 
limits of our binding assay), whereas the CH2-IL2 protein 
was strongly positive. The 14.18 Fab, produced by genetic 
engineering, had greatly reduced antigen binding (data not 
shown), suggesting that bivalency is required for full activity. 
We then constructed a second Fab-IL2 fusion protein using 
the V regions of the anaVTAG 72 antibody B72.3 (19), to test 
whether such a molecule could be made that retained both 
IL2 activity and antigen binding. The B72 3 Fab-4L2 protein 
had normal antigen-binding activity, and all of the fusion 
proteins had IL2 specific activities ranging from 5 to 6 J x 10* 
units/mg when normalized for IL2 content. 

We next decided to construct a whole antibody-IL2 fusion 
protein by fusing the coding sequence of H-2 to the end of the 
heavy-chain CH3 exon (CH3-IL2). In this way we hoped to 
produce fully assembled IL2 fusion proteins that might also 
have more favorable pharmacokinetic properties in vivo and 
that could most likely be purified by protein A-Sepharose 
affinity chromatography. The CH3-IL2 protein constructed 
with the 14.18 anoVGD2 V regions was found to be expressed 
as a fully assembled antibody fusion protein (Fig. 2 Inset) 
with full IL2 activity (see below) and to have enhanced 
antigen-binding activity. Since the carboxyl-tenninal lysine 
residue of the heavy chain was contained in this construct 
(just before the +1 residue of mature IL2), we tested whether 
this site would be accessible to cleavage with proteases such 
as plasmin, which cleaves after lysine or armnine. The 
CH3-1L2 protein was treated with plasmin and subsequently 
analyzed by SDS/poryacryiamtde gel electrophoresis. 

Table 1. 1L2 activity of nnmunoglobin-IL2 fusion proteins 

Antigen 

Const ruct V region binding IL2 activity 

Fab-IL2 14.18 - 5.0 x 10* 

Fab-IL2 B72J + 6.0 x 10* 

CH2-4L2 14.18 + 6-5 * 10* 

1L2 activity in culture supernatant* (without taethotrexate) was 
determined by thymidine ra corrJorarJon into mouse CTLL-2 cells. 
The amount of each fusion protein was ikterauned by ELISA and the 
activity is reported as units/ssg of IL2. A=£gea binding was deter- 
mined using GD2-coated (14.18) or inuchveoafted (B72 J) pUtes as 
described (13). 
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Fig 2 Antigen-binding activity of CH3-IL2 (14.18) fusion pro- 
tein before and after proteolytic cleavage to remove IL2. Purified 
CH3-IL2 was assayed for direct antigen-binding activity on GD2- 
coated plates before (o) and after (a) treatment with plasmin for 1 hr 
at yfC Control. (Inset) Electrophoretic analysis or cnw.iB vanes 
1 and 3), CH3-IL2 (lanes 2 and 4), and plasmin-treated CH3-IL2 
(lane 5) under nonreducing (lanes 1 and 2) or reducing (lanes 3-5) 
conditions. The unlabeled lane contained molecular size markers 
(see Fig. 1 for sizes). 

The untreated CH3-1L2 protein had much higher binding 
activity in a direct antigen-binding assay than the chimeric 
antibody, and this enhanced activity was lost when IL2 was 
cleaved from the heavy chain with plasmin (Fig. 2). The gel 
analyses showed that the antibody itself was resistant to 
plasmin cleavage and that a heavy chain of the expected size 
was generated by cleavage at the antibody /IL2 junction. 
These results suggest that the fused 1L2 domain actively 
interacts in some way with the antibody to alter antigen- 
binding activity. Upon removal of !L2, the normal level of 
activity is restored. . 

Since the CH3-IL2 construct was fully assembled into an 
antibody fusion protein, it is likely that this molecule has the 
most favorable properties for both in vitro and in vivo studies 
It could also be readily purified by affinity chromatography 
on protein A-Sepharose. The availability of a matched set of 
TIL and its autologous tumor cell line, expressing the GD2 
antigen, has allowed us to exploit this system as a model for 
testing the biological properties of antibody-targeted IL2. 
Such a system was not available for a tumor cell expressing 
the TAG 72 antigen. For these reasons we have focused our 
studies on the characterization of the chl4.18 CH3-IL2 
fusion protein. 

Biological Activities or Whole Antibody-BL2 Fusion Pro- 
teins. The IL2 activity of the CH3-IL2 (14.18) fusion protein 
was tested in a standard T-cell proliferation assay using either 
the mouse CTLL-2 line or a human TIL line (660 TEL) 
established from a metastatic melanoma. Both lines were 
cultured without 1L2 for 48 hr prior to assay. The activity of 
the fusion protein was found to be somewhat less than that of 
a recombinant IL2 made in bacteria but was identical to that 
of a recombinant IL2 preparation produced in yeast (2.5 x 10 6 
units/mg) when either the murine or the human T cells were 
used (Fig. 3). Thus, fusion of this cytokine at the carboxyl 
terminus of an antibody or antibody fragment does not 
significantly reduce its activity. We reported a similar result 
when we f und that lymphotoxin (tumor necrosis factor 0) 
retained its full activity when fused t the end of the CH3 
domain (15). However, in that case some inactrvatkm of 
lymphotoxin activity occurred during the ehition from the 
protein A-Sepharose column. In contrast* the CH3-IL2 
preparation used in this study was stable throughout the 
purificati n and during subsequent storage for up to 18 
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Fig. 3. 1L2 activity of purified CH3-IL2 protein (o) as measured 
by [ 3 Hlthymidine incorporation of mouse CTLL-2 {Upper) or human 
660 TIL [lower) T cells. Recombinant IL2 expressed in Escherichia 
colt (A) or in yeast (+) was used as control. Results were normalized 
to the IL2 content of the fusion protein. 

months at -20°C. The effector functions of the CH3-IL2 
protein— i.e., the ability to mediate complement and Fc 
receptor-dependent lysis— were also tested and found to be 
maintained (but somewhat decreased) when compared with 
that of the chimeric 14.18 antibody (data not shown). A 
similar result was reported for the CH3-lymphotoxin fusion 
protein (15). 

ffnh pi—ii TIL Cytotoxic Activity of Autologous Tumor 
Targets. The human 660 TIL line was used to test the ability 
of the CH3-IL2 (14.18) fusion protein to stimulate the killing 
of GD2 + autologous melanoma tumor cells (660 mel). The 660 
TIL line is routinely cultured in serum-free medium contain- 
ing IL2 (1000 units/ml) and is stimulated bimonthly with 660 
mel to maintain killing activity (13). The lytic activity of this 
CD8 + cell line for its target varies over time in culture as a 
function of antigen stimulation. For the purpose of this study 
we have also examined the effect of IL2 depletion on TIL 
cytotoxic activity and how this might be affected by subse- 
quent addition of IL2 or the CH3-IL2 fusion protein. Con- 
sequently, the level of killing varies from one experiment t 
another, as does the ability of IL2 to enhance the lulling in 
both normal and IL2-depleted cell cultures. 

An example of a killing assay performed with 660 TIL 
shortly after antigen stimulation is shown in Fig. 4A. The 
tumor target cells were first coated with the fusion protein or 
with chl4.18 antibody and then used as targets in a 7-hr 
^r-retease assay. At the higher effector/target ratio (50:1), 
the antibody alone stimulated killing, but to a much lesser 
extent than CH3-1L2. The effect of CH3-4L2 was more 
pronounced with TIL that had been deprived of IL2 for 4 
days. 
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Fig. 4. Srimnfctfron cf aatcto- 
goas cytolytic activity by CH3- 
IL2-coated tuara cells. (A) 
Freshly cti-^fat^i 6*0 TTL cetts 
were toed as effectors against 660 
md targes m a 7-nr 51 Gr-ftfcase 
assay. Before the assay, the target 
ceBs were either untreated (fifed 
bars) or coated with cni4J.8 
(cross-hatched bars) or CH3-TL2 
(hatched bars). Tbe effector cdls 
(660 TIL) were takes from grow- 
ing cultures (oarnai) or were cri- 
tured for 4 days without 02 
(-IL2) and were ased at an effec- 
tor/target ratio of Sfcl or Ifcl. (5) 
Normal and Il^dtpfctcd 660 TIL 
cefK. 1 week after mtifci n stxro- 
ration, were used as effectors 
against untreated (fined bars) or 
CH3-U2-coated (hatched bars) 
660 md targets at tbe indicated 
effector/target ratio in a 16-hr re- 
lease assay. One set wa 
bated with added 1L2 [MO i 
<U)/mI; cross-hatched bars]. 



A similar experiment comparing the fusion protein and 
exogenously added 1L2 was performed 1 week later, when 
the autologous killing activity had declined. For this reason 
the duration of the cytotoxicity assay was extended to 16 nr. 
As seen in Fig. 44, the addition of IL2 (100 units/ml) to the 
assay mixture had little effect. The stimulatory effect of 
CH3-IL2 in these experiments was quite striking, especially 
at the lower effector/target ratios and when IL2-depleted 
effector cells were used. The results were less pronounced 
once the TIL had been cultured without antigen stimulation 
with 660 mel tumor cells (data not shown). In all cases, the 
amount of stimulation obtained by coating the tumor cells 
exceeded that obtained by adding equivalent levels of IL2. 

DISCUSSION 

A fusion protein consisting of an intact tumor-specific chi- 
meric antibody and human IL2 (CH3-IL2) has been shown 
to retain both antibody and IL2 functions. IL2 activity was 
measured by the ability of the fusion protein to stimulate the 
proliferation of resting human and mouse T cells. Constructs 
containing smaller portions of the antibody molecule were 
also found to retain full IL2 activity. These results contrast 
with an earlier report (20) in which a purified Fab-IL2 fusion 
protein was 200-fold less active than recombinant IL2 in a 
proliferation assay. Our constructs also differ from those 
reported by Fell et aL (20) in that we have directly fused 
antibody and IL2 sequences, without the introduction of 
artificial linker residues. In the case cf our 14.18 Faf>4L2, we 
could not demonstrate antigen binding, but this was not likely 
due to the fusion of IL2, since a similar construct made with 
the V regions of B72 J maintained both IL2 and antigen 



binding activities. Genetically engineered 14.18 Fab was also 
found to have greatly reduced antigen4mxSng activity . 

Melanoma cells expressing GD2 thai have bound the 
CH3-1L2 fusion protein serve as much better targets for 
cytotoxic T cefls. This was demonstrated by using a TIL hoe 
(660 TEL) that had bcec inaintaincd m culture m the presence 
of high coocentratJorts of IL2 with periodic antigen stimula- 
tion by autologous melanoma cells (660 mel). The srimmatory 
effect was most pronounced when the TIL bad been main- 
tained without IL2 for several days. The amount of 1L2 that 
would be bound to the 660 mel ceUs under satitrating condi- 
tions would be equivalent to 50 units/ml in the assay, if these 
cells express >10 7 GD2 sites as was reported for M21 
melanoma ecus (8). These levels of IL2 added to the assay 
mixture were less effective than the fusion protein in stimu- 
lating cytolytic activity. 

In the experiment depicted in Fig. 4A. there was some 
enhancement of killing of ceils coated with chimeric antibody 
alone at the SQu effector/target ratio, suggesting some 
ADCC activity. However, the 660 TIL hoc does not contain 
d^tecUbtenumbmofceOsexTJiessing Fc receptors as shown 
by immunofluorescence analyses (urtpubhshed data). 

The abSky to combine the targeting of a tumor-specific 
antibody together with a potent cytokine such as 1L2 should 
prove userui in directing and focalizing its effect at tumor 
sites. In this regard, tumors secreting either IL2, tumor 
necrosis factor, or granulocyte cokmy-stimutatiag factor 
after transfection with genes encoding these molecules are 
rejected upon transforation into syngeneic animate due to 
the estafcfehment of cerratar immtBsty (21-23). Antibody 
targeting of cytokines may achieve this same end by stimu- 
latingacytotoxkT<elres|»tiseandmth^ 
helper T-ceB function that may rje teckmgmcatKer patients. 



1432 Immunology: Gillies et al. , 

The use of a whole antibody-IL2 fusion protein may hav 
advantages ver antibody fragnient-4L2 fusion proteins, 
since additional effector functions (ADCC and CDC) will be 
targeted to the same site. As discussed earth**, experiments 
using peripheral blood cells from patier Ls treated with EL2 
hav already shown that the chl4.18 antibody can mediate 
ADCC against tumor cells (12). In this case the primary 
effector cells are Fc receptorH>oatrvc (CD16 + ) natural killer 
cells. The work presented here suggests that cytotoxic T cefls 

ran aisn hr gfmiiilnteri to kill aillologOOS agtl^efiHPCative Ceils 

that have been coated with the antibody-IL2 fusion protein. 
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TNF-alpha receptor fusion protein prevents experimental 
auto-immune encephalomyelitis and demyelination in Lewis 
rats: an overview. 

Klinkert WE, Kojima K, Lesslauer W, Rinner W, Lassmann H, 
Wekerle H. 

Department of Neuroimmunology, Max-Planck Institute for Psychiatry, 
Martinsried, Germany, klinkert@alf.biochem.mpg.de 

To explore the therapeutic use of TNF-alpha inhibitors in human 
inflammatory demyelinating diseases we examined the effect of a 
recombinant TNFRp55 protein constructed by fusing TNFRp55 extracellular 
domain cDNA to a human IgGl heavy gene fragment containing the hinge 
and constant domains CH2 and CH3 (TNFRp55-IgGl) in diverse 
experimental model systems representing inflammation and inflammatory 
demyelination of encephalitogenic T cells in vivo. In EAE actively induced 
by immunization of Lewis rats with MBP, a single dose of TNFRp55-IgGl 
protected the recipient animals from clinical signs. Interestingly, the 
treatment neither prevented the formation CNS infiltrations, nor did it alter 
the cellular composition of the infiltrates. In EAE transferred by MBP 
specific activated T line cells, a model of inflammatory (not demyelinating) 
brain disease, the inhibitor's therapeutic effect on clinical disease was also 
striking achieving almost complete protection even after repeated transfers 
of encephalitogenic T cells. Finally, the recombinant inhibitor was also 
protective in Lewis rats with demyelinating experimental autoimmune 
panencephalitis produced by combined transfer of panencephalitogenic T 
cells and demyelinating monoclonal antibody specific for MOG. In this 
system, the T cells are of low encephalitogenic activity, but open the 
blood-brain barrier for the demyelinating immunoglobulins. The fusion 
protein treatment, however, prevented the formation of inflammatory lesions 
and demyelination. The strong therapeutic effect of the recombinant 
chimeric TNF-alpha inhibitor in three models of myelin specific 
autoimmunity raises hopes as to TNF-alpha directed therapy of human 
diseases like MS. 
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Interferon y Receptor Extracellular Domain Expressed as IgG 
Fusion Protein in Chinese Hamster Ovary C Us 

PURIFICATION, BIOCHEMICAL CHARACTERIZATION, AND STOICHIOMETRY OF BINDING* 

(Received for publication, July 19, 1994, and in revised form, September 28, 1994) 

Michael Fountoulakis$§, Cecilia Mesa*, Georg Schmidt), Reiner Gentzll, Michael Manneberg$, 
Martin Zulauf**, Zlatko Dembid, and Gianni Garottat 
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Agents that antagonize the functions of interferon y 
(IFNy) are potential pharmaceuticals against several 
immunological and inflammatory disorders. IFNy re- 
ceptor-immunoglobulin G fusion proteins (IFNyR-IgG) 
function as antagonists of endogenous IFNy and have 
longer half-lives in vivo in comparison with soluble IFNy 
receptors (sIFNyR), consisting of the extracellular re- 
gion of the native sequence. A fusion protein comprising 
the extracellular domain of the human IFNy receptor 
and the hinge, CH 3 and CH 3 domains of the human IgG3 
constant region, was expressed in Chinese hamster 
ovary cells. The IFNyR-IgG3 fusion protein was secreted 
into the culture medium as a 175-kDa glycoprotein and 
was purified over Protein G-Sepharose, DEAE-Sepha- 
rose, and size exclusion chromatography. IFNyR-IgG3 
bound IFNy in solid phase assays and ligand blots, com- 
peted for the binding of radiolabeled IFNy to the cell 
surface receptor of Raji cells, and inhibited the IFNy- 
mediated antiviral activity with an efficiency at least 
one order of magnitude higher than that of the soluble 
receptor produced in the same expression system. Two 
IFNyR-IgGS fusion proteins bound two IFNy dimere 
forming a complex of approximately 380 kDa. In immu- 
nodiffusion assays, the EFNyR-IgG3 fusion protein did 
not precipitate IFNy. Dissociation of bound IFNy from 
IFNyR-IgG3 was 2-fold slower than from the sIFNyR 
produced in insect cells. 



Interferon y (IFNy) 1 is a cytokine, produced by activated T 
lymphocytes and natural killer cells, that exerts complex func- 
tions in the control and modulation of nearly all phases of 
immunological and inflammatory responses (1-3). The active 
protein is a homodimer with a predominant a-helical structure, 
the two subunits showing an anti-parallel organization (4). 
IFNy exerts its functions by interacting with a ubiquitous, 
specific cell receptor (5-7), a 90-kDa glycoprotein (8-10). In 
addition to IFNy and IFNyR, accessory proteins are required 
for signal transduction (11-15). Recently the cloning of such an 
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accessory factor or IFNyR 0-chain was reported (16, 17). It is 
not clear at present whether the accessory protein participates 
in ligand binding. The IFNyR does not possess intrinsic tyro- 
sine kinase activity, suggesting receptor association with spe- 
cific kinases following ligand binding (18-20). The signal 
transduction pathway of IFNy involves phosphorylation of p91, 
a subunit of the IFN-stimulated gene factor-3 (21, 22). 

In certain immunological disorders, IFNy acts as a disease- 
promoting agent, and substances that antagonize its functions 
are potential pharmaceuticals (23, 24). In order to obtain IFNy 
antagonists, we engineered soluble forms of the IFNy receptor 
(sIFNyR), comprising the extracellular domain of the native 
protein and retaining full capacity for binding IFNy (25, 26). 
When administered to animals, the sIFNyRs inhibited the ac- 
tivity of IFNy, but they showed relatively short half-lives of 1-3 
h in the blood and 6 h in lymphoid organs (28, 29). Fusion 
proteins comprising the extracellular domain of the mouse 
IFNy receptor and sequences of the mouse constant IgG region 
were active in vivo and showed an increased blood persistency 
(30, 31). Because administered human s IFNyR is expected to 
have a short half-life, we expressed in Chinese hamster ovary 
(CHO) cells a fusion protein comprising the extracellular do- 
main of the human IFNyR and parts of the human IgG con- 
stant chain. Here we report on the purification and character- 
ization of this human fusion protein and the stoichiometry of 
its interaction with IFNy. 

EXPERIMENTAL PROCEDURES 

Materials — Reagents for the preparation of SDS-polyacrylamide gels 
and protein size markers were from Bio-Rad. 14 C-Ftotein markers and 
iodinated sheep anti-mouse Ig were from Ameraham. Protein G- and 
DEAE-Seph arose were from Pharmacia Biotech Inc. Proteolytic en- 
zymes were purchased from Boeh ringer Mannheim. 

IFNy — Human IFNy was purified from Escherichia coli according to 
Dobeli et al. (32) and was iodinated utilizing the chloramine-T method 
(33) to 2 X 10 s cpm/ng of protein. The monoclonal antibody y69 was 
raised against recombinant IFNy. 

Soluble Human IFNy Receptors Produced in CHO and Insect Sf9 
Cells — The proteins were purified essentially like the soluble mouse 
IFNyR produced in insect cells (26, 34). The monoclonal antibody yR99 
was raised against the native IFNyR (10), and the polyclonal 3891 was 
raised against the sIFNyR produced in E. coli (25). 

Analytical Methods — The fusion protein and the soluble receptors 
were resolved on 7.5 and 12% SDS-polyacrylamide gels, respectively, 
and revealed by staining with Coomassie Blue. The purity of the pro- 
teins was estimated by densitometric analysis of the stained SDS gels. 
If not otherwise indicated, no reducing agent was present in the sample 
buffer. Where it is mentioned, the proteins were reduced by addition of 
10% 0-mercaptoethanol and heating at 95 °C for 5 min. Controlled 
reduction was performed in 5 mM dithiothreitol at room temperature for 
30 min. The reaction was stopped by addition of iodoacetamide to 0.1 m 
final concentration. Analysis on native gels was performed as previ- 
ously reported (35). The protein concentration was determined by 
amino acid analysis (36). Immunodiffusion assays were performed on 
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-»y^^s^;.of ' : i^\:!h;tt'lnA**; $&$%0lisQ§ -testeifo'. %&1feifr:frf&m «^^, pvirMi^o^ stag* (&>: & ^tw*jad; sixa 

aa^aata&t^tt^^ ft & ma»i*% £ &nd: 

te^' i & <duato from ^E^^phar^ r ^«?^. 5 aa<i X^^^ft^ Snpsro:**^ ^ 
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Eteiimid H01 $n^^ 

&rved as. te&ipiatc fc* £CR TK^ amj>lii(i^ fi^grncjit obtained BJSEA 
ceding for -signal sconce cn^ thic g&tacel&kr doraain the 
receptor proMn/The PCft w&si perfemusJ ip^J^^rase as 

$*:xd^d% 

:**$$£&« thi> ?fcviTVf> of the jii^x^0gjo^uiir v ^*> pari T&> open ::x&&s$: 

fen***:/) feSk^ic %Wif} iXi^XjfutX- vtM MmW&M ww tjks *$Mf& 
otfc exprfts^fl ve^or i^j# 3 fon>^ v^n$.:U>Yi^. itt> 

nunai rcpeiat: phihiofciiir atemanfc al^wjbjj: 

piciftiti. OHO e&is wm* tr^n$f^cfe4 wi^ the; expx£$&i<m: 

vtJCt^ st^l>fe ^Uvi^ -sv^^fi* .^elet^tiit 4^cr*t?^t5 

fementa tii>ns: were- j^rfavnacd 5n stirred tsjili ttn^ ; -'oi^ift/^%Q<$Qr« of 

up to. 100 titers ^jprktng: volume^ CcH^jfr^ ;^p^p« 

^ xwri*in^ MRS, ii^yacys, Oorixiany), i^ro- 

(PBS) aa>i $fe\:d at i ov ; «rhi^h.t< 1!^ i>ix<tdii> «obtioft wa^ 
»ep:iiyt*i«!d on a :<6Iujrjx S<<m tbo.g^ whteh v< \va$hieki with ilvc >:olut3s» 

« ^d.^O^j pH Th<j 'etJu^^e wa« <.Haly2re<: j^ia&t 50: sotiixmi 
jf*tt^tfit*> > pH-fi.^; f>ff<i ioatleti oxtifi. a ;2^rol'l)jbT^^«ph :;: 

,wsi3h<$ : with; |(i *^toi<iiff of :?>0 ssm $<*&im xwibiti* jVB i^t: 

was coBcentrafe^ % tiitraiVi^iwh ; and ^ Mde<i \>i>m a 

column I2B: 10.^0 (F*h3xm3CJo> developed mth: PBS at (),% &\X>mn> 



iM?^viu^ia^xl arjtivn ft Mvity assays v?=ero ^r^med ^ riepor^; 

mm, 

s^^catidns; in Meifj ^>p^6f^J^'Mfe biwdi»g #w}> 40: 

wfff ; ^ n>^K^d : .u>^: t>f y ci#ntairdng 

\&'Wfss ) in PBB Ui im fc*? %<> xnirr: ^ r l ; a^S :y ^as ^x^ratx4 ?>« 

;l^;^Is^pr ^fewm;w3th^ W$p fix ^;^U?i?v 

.a^i^ is :S0 fii of ^ot^in CrrS^pharos<- bsadb s^ujratfid wi'ilt. 
^U-J^NyK p*iw.UnVal sMl, m i*M cmm&ng -W fetal taif 

«otm. Al^r i^^^^ ft* 4 Aiur; st- itix pntl«. «pati<ji}^ tfe baad$ v< tre 

</^)/^itift ^ Wads was ;^^ture^ 

;wf»^m<*A (4 j\)iirj) wto sdd^ to the* .^v«il: a^l in^ib^i ioti: tifpfe. 

: fevnied ac^vdinj^ -to & niii&&c&m2ih& (40> ; 

Amrf>;tt^ : f#^ o J ir;^$r>ui&^ w <%aH 

peyfor^^d us d^csib^ 

Tk&fiicil Tr&Ummt~^$iisk\^ illicit <a\h 

f>0 -SMfeft :^ ^ w: r>f 0^ w««s.kt>pi fii 3? : "C 6r 

. : p.d:.fcf.*j[>t >ii iM :: v^i-^>!' .^riiiiyisdk. fn'v'-^^duai ligand binding: 

J?^f^io j>/^ I M <£ protain aubstnaie hi i iut 

germed :a$ ;^«#ad : 

&i<xrf^^ ^Msf:Iai4 
ittct^itijs ^ littt^j arid, ^ustant; regioo^ : €HS w& Tk^ 
cdnsmictioiv »f the ^ikaryottc (Vxpressioa vectors will W is- 
st'i^biftd e^e^h^reip Tr^nsfe^di CHQ csRlfe wnr^ jrown: \i% the 

t3^t: og%iii^:, B^aurn? th.o; ftisi(>?J ^«>i:dr)^ HJOlsidc ^U4nt< 
rMdiies Of \h& hinge and i^onst^nt: ^icrman^ «f tfe fj^il; : aM 
ich^T^ tfe^y sh<mfd: Mvfe beta |)i|«ci,. as ^v^atfy 
linked hmnodi^r*, Iloweiver, this happened, on'^ wii^t -^ 

d.ueftd mixhsrs ofiinglfc <jhain arid cpyal^iitiy iiuik^d hOr 
laodimjyrixi: & ^ ^p^ ; o^im§|^ T:b£ .:r^as«n^ fir thk 
discrepancy &re;u.n<&r-t n-vt!?.^gation< 'i- it« puni^;tttiOi) ?-nd ch^ 
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iiiMf&sMm ;<>i ;tho^FH^T%61 fWm\ ffi&eki. <«m Mb M&W!&£ 
fin^ov in ibis s^udy, 

fcwffitxtiim; Meh^m^iW^:y^Mi% fusion proieili; was ser 
oyeted ;inS0 : th» cuUvu^ msstav w^ch? was w&M&teA f?om the 

sasca eMusfe chrot«^Lograj)hy. I^ettfiri Ct h « fyp& III j?e 
r^ee0fxv. that hmds ;io: lht< :cg^i$#v ;t;f i#€L For ;hiftdi«& fc> 
f^iein. 1Mb c&oxnVi a£ tha: prater* re$ttived. 

iF^r^r%^5 racoyerad franv Protein Cl^a^haix&e was >«)?ita2ni- 

■Mk ztMm® t;Fi& :JA, &inti&-.& ;mM)^Wh&n fche/EHS was passed 
thi-pugh: ;& ;Pr^bm; &#$ptaese. co)um». Worn 
tte amount of h<iyim IgC> With the hvfftVM fdsiofh 

protdti w;i$ ; 4gmtkaot:y' xedncedif biit it was co^plfrfeiv 

pmiesm n}tj^t£d: •appm)dnva&% v fete TJhdtfr $h£ mv$&- 

cliecrv«iia^tjo:o between ihvm pr*Mir& w.m aetiipessibie 

d&arij di^Tiadn&ted, -^»sd#i vixt@ :igG v^a« m&jkad :hx heavy 
and 4V^i«;. --S-S" i% 
# ah^ <^ -10; fche &£h£ «bmh^w*mi^t^fi' fch Shi? fr<xas an. ^ 5^ 
S3>^$ -j^gfe :un& is '*&t : 'gft#fcik wMreasthe %brMpr:Olein pv&tf&e: 
to n. iV^frDa c^m^^j[^vidi:ag to M stable fximni: ch&«* Wig, 

■6^g$varpe. : $£ep ? . r^moY<>d njA>$t : <^>f bavins ij^Cj stated at 
':pH : :4^ 3&hs iMto ptot&m waa aihied&t pH :£L5 ftjilM and it 

3); SiM fcxerlusiorx (ibrox«>^^r3#y^ wJikh fatlpwad tfe ^ 
id^a^i" &i^, : ^^Uv^red protein peaks, a and £veoT?<^^ 
i^ ^j^rot^^ ^ol^i)tiUr iiwmm ^00 sxi<] ki>^. v 

r^s?p^ci|vi i ;).y (Fig, M';. p^)ttiii> h;in^ af tibif? fvaetiMB of 
peak it hm^iy ehier^d lihe native g^i (Fi& &r>«^ Wj^eti; 

mi^ j^tVti with ths ihmm pretext ti: p<ltik b (Mp fam 7 : -$)> 
ift^i^Eiti^j #tat ^<><rfe :a>^u<d<>4 ^liga^eric iorxiiS; »f IfH^ 

v^jfe^py linked \hoar^ducifig SD$vp^(^£ ^wia)> 

aaalv;s)5 addi.tiOTi< illv ; wfveiihid iM: 3f;n*s<rn.ce. of ho:- 
vine; IgCr In i:he frar.to : (ifnj$ rtf « (FS/j. ^ M?/>» ^-4- tfee; 
fjyrfeiDft: Pvuh b cert^Tis^d. highly- puniiecl fujsioa pr<>ie\a 
(^%. 2^., tent*: 8-40 > arid Fig, 20, i^;^ f-^v ^ift cijitainv 
n^ted, bvAvev^r;. wltb: ^:pp?\>xi!n'uii.tf>).vv 2^; h>vrm IgG {Fig. l?^ v 
fone« 5 j^t^ 701 A ^ecoxid saxe exclusion e^rotkata^phy^ <%ch. 
<)f the feiert; praiein -af^f^i ^ .^iatfed. a « torn; pum 
fn.^i^ pmt<?irt wiVa tijaa: i% :bovu)e igO (^ig; 

i^. feifes drxd v5 - ^). I^he overall mtm>$r$ was.: app^sd- 
matejv ^^..aa j^g:ad;l^ bm$> Tha ii«aa!t:ii>ed mstW 

did: riir>t Ai>mpii<iel;y reiaeYe Soovme i%$< BiiKvixi^ was cam- 
piett^y rafn.oy<:d when I%Ha?» G : pnjtveaf;ed FB§: >yaa u^i for 

describe^ punfleatioa: sfc};tf;ma imfr Pr<iteia G-^p^rosei, 

jje^uerjca. aa^|yin^ Jito tl>a K-tarmin^i end! rw^)^d pai; t^t> 
protein: was; p.v<>c<?^^d pr<>jXiviy asid : the; p^pti^le 
«t^\3eiiee was cfeaved i>Sv !iM:proMn was :fefttft^^wnis at the: 

Oiy^V-AIa-Asip- and the rest with <%-Th^Aia-As^^ Atahm 
add: coTapo$. ; iiia?i ari£i^sis «)>xywaiii. that ;tM 'protein, had £h<j 
e^jctad ee^ppai^ott,. A mabcroto ^a^ i>f lM%J?a w^s Mku- 
lai&l :fer if^^liG^ ^e^ipriidn^ the ^a :tayaient?y : itiftked 
chains), 6eX. ii^vaiion and 1 a«al>^c«I iiH^anMiKig^ti^n 
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%: P^mxx immti pwfUn CA)> iiittfve (5>, »»a SE>^PAGE 
an^^^ i^oiJ^e pTOteio^^ut^dte th<? 

Witii C^oaia«$ie Bltie; &Jiri«: ^. stariixig- !taaU^al l^ifed; ^•?<>> 
;fjfr«^U<yt>« :^a^ ;fh>«> :th*- ^>]tiYka* :^acia>vt?i ^>:^; <aa- 
MseS; ^lig^^rii?: form^: ttf :$e fe$tou p^v^w; ^ fe^ri - ^%ivi> 
:j0^n^^^;.d^ ^ 

Tiiit>; {j5:ki*a fcartdt: j;^pr«^ntij :j^viwe ; :i|j^5' : (h^V^ -t&am),. 3ks$*ii- '$4^ 
•f^oi^r^^^ feovo: fti>.^>g (^aa?r»fc.!Ai, malk^iatvm^«s -aitarkaa^; 
fttsion iprottijji sirigijaeham, 

: ^fed a; di^^cdi^ >ha^ ^p^r^J^^ ttO feD/i for iha 
iitsjoi). pn)tam> sug^estiiig that it exi«i>$ as ;aKntw«er ip pbyav 
dlojp.eai Tbe. ^fferenj?3:tew^jji the »ppaTej(D >iTtd ; 

ce{at«d; (av^ i^ cat^xi by ^dyc^ 
ftiMo^. prot&ft waij deteett-d by iJp^diHb sOiiit^S^ 
0^a;ittet the. Avar.Yve ;tF^^ T# ■i^^<^jflry^i^ : -^at^ eh ;aga-> 
^ro^^ the: fii$«m, pj>:>feiji pj^ipU^ved: tha. j»J^io»a] 
attMhwIy h\\t mt by the xn^d^iMal (dat^ :aet 

bm:dv«^:^pia% w^.^ 

;|^ ;acUv1iv< Avhua; iTea^ied ^> ■ aa - ^ %Aad. 
b)ot?>; 'Tte ligand hmding: capacity or the fusloa ; pr<>M«: de^ 

of the ari^ajil valutv iind fer xtp to: ?>0 

eycM,^^;i^3ta^ yfewiis:: 
^imilar ty $hat ef sIFN^ (4^, 4%x durmg feld in^. :^pd i)i the 
:feld j>d. stikte ;{daia hot anewaX 

Bmdifig ^W^-W^jB^0^ hound e«:$dli^pha«a 
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Inhibitor ng/ml Inhibitor [ng/ml] 

Fig. 3. Competition of binding of radiolabeled IFNy to Raji cells U) and inhibition of IFNy-mediated antiviral activity (B). The 
assays were performed as described in Ref. 27. A, IFNyRrlgG inhibited the binding of 2 ng of ia6 I-IFN7 to the receptor of 10 7 Raji cells with an IC M 
of 0.17 nM (A) and the sIFNyR from CHO cells inhibited with an IC^ of 2.30 nM (•). O, inhibition by unlabeled IFNy, A, inhibition by anti-IFNy 
antibody y69. B, the inhibition of antiviral activity was studied on human WISH fibrostast cells infected with encephalomyocarditis virus. 
IFNyR-IgG3 inhibited with an IC M of 1.20 nM (A), the CHO cell-derived sIFNyR with an IC 50 of 23 nM (•), and the antibody y69 with an IC,*, of 
0.05 nM (A). AVA, antiviral activity. 



and protein blot assays (not shown). The bivalent IFNyR-IgG3 
inhibited the 126 I-IFNy binding to the natural receptor of Raji 
cells with an IC 60 of approximately 0.17 nM (Fig. 3A). The 
molecular mass of the IFNyR-IgG3 was considered to be 114 
kDa (glycosylation was not taken into account). Under the 
same conditions, unlabeled IFNy also competed with an IC 50 of 
0.20 nM, whereas the monoclonal antibody y69 competed with 
an IC S0 of approximately 1.2 nM (Fig. 3A). Thus, the fusion 
protein competed at least one order of magnitude more effi- 
ciently (IC 50 = 0.17 nM) in comparison with the sIFNyR pro- 
duced in CHO cells (IC 60 = 2.3 nM) (Fig. 3A) and the sIFNyRs 
produced in baculovirus-infected insect cells (IC 60 - 8 nM) (27) 
or in E. coli (IC 60 = 15 nM) (25). In inhibition of the cell 
cytopathic effect (Fig. 3B), IFNyR-IgG3 performed approxi- 
mately 20-fold more efficiently (IC 50 = 1.20 nM) than the 
sIFNyR from CHO cells (ICso = 23 nM). In comparison, y69 
inhibited with an IC^ of 0.05 nM (Fig. 3B). 

We investigated the exchange rate of IFNy bound by IFN yR- 
Ig03 and for comparative reasons by sIFNyR and anti-IFNy 
antibody y69. The kinetics of dissociation were studied by mix- 
ing radiolabeled IFNy with either of the three proteins, adding 
the excess of unlabeled IFNy, and measuring the time-depend- 
ent release of the iodinated ligand. IFNy complexed with 
IFNyR-IgG3 was released approximately 2-fold more slowly in 
comparison with that complexed with y69 or the sIFNyR (Fig. 
4). Table I summarizes the performance of the three proteins in 
ligand binding. The increased retention time may be essential 
if IFNyR-IgG3 will be used as antagonist of endogenous IFNy. 
Similarly, the better performing in vivo tumor necrosis factor 
receptor p55 fusion protein had a significantly slower exchange 
rate for bound tumor necrosis factor a in comparison with the 
p75 fusion protein (39). 

After reduction, IFNyR-IgG3 did not show IFNy binding 
activity on ligand blots. Controlled reduction of the 175-kDa 
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Fig. 4. Dissociation of IFNy bound to the IFNyR-IgG3 fusion 
protein. The kinetics of dissociation of complexed l26 I-IFNy (3 x 10 e 
cpm) were performed as stated under "Experimental Procedures." Dis- 
sociation of ^I-IFNy bound to IFNyR-IgG3 (▲), to sIFNyR from insect 
cells ( ), and to monoclonal anti-IFNy antibody >69 (■). The bars 
represent standard error of the mean of four experiments. 
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of the e^rcu&IhUar o^mairv ttttjb^-ix^N^j.iiS #whlch 
are eBsenuai tor j.^^4.^^t^:'C44;^'&); aron:^ than 
the di^xtlOd^^nnwiiiigtht* i^>I^S%^v^ dhaiina Kal^^af 

Mastioa of tfc hMe^&sl a^:tvj.ty <jf tho OOrkDa cfcfdn 

dixxx \Msb(M<i& cVFth^ iFNyildo^in.af th fijt^i^n protein, wer^ 
ir^^vtvife^ wbovoaa the $msi?ste$ bw&em t%< W<> 
$m$im\iAimrx\m were »ot fann^Kd^tij a.etshawni 

try of y^^l^M^^ 1^i&$$M iiM WH y by M$jv$ 
gel »Mth) a^id *ampif^ 

\iity^nfcnfugfl.t)>n. The 'cmxpom&is. w<&o hviMd. *&Hr$ i;aio. 
cor^k^ratwn « a*o3t<cular mass of 114 lor iha fussioa pro* 
fern and 32 1c Da for I F:N stheo-iM^^ djmov 
its phy&xc^ Based <m ^Mtiv$: ; g6lan^^fig 

(^<jlSfe)^^ i^f id^m^mri partem m iiM>. J^^0^t^M im^. i FN^ 
w Mii at a raifo. of arid fcho «{>fe Was chrmVjatO* 
i^iphfS m a <5^x^i\ colujna. &a" ap^arest ja^oc^kvr 
ra&saof iippr6xi.TOately 400 kl>a was foimtifof ter.om^kix Wig; 
34). %^ to»y^leX; a« c4ut«<i: from the : $k4xi£ colu«ax> as m 
tim wtnxuxsd coxapoaents were «ubj<^X^t to lamina add t-<nji- 

pn>graia arid ail. I^N yji- ig{ j*i ifu^^ni ptotewi-IFN^: dinier 
molor TT:fl6 «f 1:1. w^^j fovu^dv AiS^tu^il :^l^^ati«^ 
<lolMred im ike oamlfex; an : aptparerii; mokciijar^ 

iijt^ciiit ^; imti»T ratio; af M and thatm :phyiOii^^ bwfer 
they form a <^mpKK co«ftiking : of two iFJj ^^^S^ ttiokettlM 

f?xclu^oA ob««^at<%yap!iy «ad ^uj^lyiUt^il lilt(^^aMa^aUoa); 

apparent; niOieculjir iMss yulne« «f the a)m^lox^ 4<^ : - 
nisned ;bv th^ idlj^mnt: a|)piro^cj^ avo; good, a^enj^ot wi^Jx 
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t^^ij^;^40. a;ad iFN>- -s^O \<?®$ j^xod »n<t; 

:i«fe5ta; T^e> p^itiar:« of oJUU<>^ ^ tho p^fe$ ^ j$i:$:njte<! i^wmtfffi; 
^ kt>^} :«^4iF^ieaMt #> .5; ® w> ; fo ttti>>x-3 : 

si^«a^: with Bhi.^. Oiw wi^oflri <w*pifix vva>; :ft>v*^*i: 

^ea \s<&$ 04<m & *aiii>$ i:i aad 1:4; .a^i^tJiVsit tead baiu^ 

;^ «^«d wxkv t>»^: t^^e^ ^) «^ tpiYa^i. la ^5 of I ^ 

;$iMila^ oo^ijpi^ temod oaa 11*5?^ :(teer : i^nad ]>y 
:onfe SlFiN^K: :l>(^cu^: ^h^ iFH^ oxceM fia ^ 

cttfeNYE; although whoa thail^ 

ainount$t s . two Soluble baiiixd o.nf? 

wa«:^mxe(J> the <^eej^ ofiI?NfBr%C<3 yem^bed uneowpia^jd 
5C» i4ni# Thii;H, ria ajm{)iejce« to than^ cotapi^ £ 
wori?. %jtessij^d: Formirttiion 6f^«:4h-c^j>|fi^- waiitd 'suggest aa 
: ^^atj»a^Gn>]^^ sit«M|(ia in: which tSi>> Ifeion 

agaii^-II'N^ ^I4;u^t ^r^^yfe 

nonp^eapifcjting^^^ ■atitibod^, ^J'^jp?^ 

tated h^- the srttu^^^y Tnorm^^^ 

tMsh(>W)V/ 

In. pr^^otif? >st^die«(: xislrig ;$H* V ^> : R?. produced ixi oiikap^ati'c 
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A B 

Fig. 6. Schematic representation of the interaction between 
IFNyR-IgG3 fusion protein and IFNy (A) and sIFNyR and IFNy 
(B). A, two IFNyR-lgG3 fusion protein molecules bind two IFNy dimers, 
forming a complex of approximately 380 kDa. For such a complex to be 
formed, each IFNy dimer should be bound by one of the ligand binding 
domains of either of the two bivalent fusion protein molecules. B, two 
sIFNyR molecules bind one IFNy dimer (Kefs. 35 and 41). A and B, the 
two Ig-like domains of the IFNyR part of each fusion protein (A) or 
soluble receptor (Z3) are shown in black. The IgG3 part is shown in gray 
(A). The connecting line between the IgG3 domains represents disul- 
fides. The two subunits of the IFNy dimer are shown in white (A and B). 

expression systems, we found that one IFNy dimer is bound by 
two receptor molecules (35, 41). The one human IFNy dimer- 
two receptor relation was confirmed later by other groups (47). 
Applying chemical cross-linking and using high concentrations 
of two cross-linkers simultaneously, they showed the genera- 
tion of a 240-kDa product, likely consisting of one IFNy dimer 
bound by two native receptor molecules, thus confirming 
dimerization of the native receptor in the presence of ligand. 

Based on predicted homology between IFNyR and members 
of the hematopoietic receptor family (48) and in analogy to the 
crystal structure of the human growth hormone receptor (49), 
we proposed a model for the IFNy ligand-receptor interaction 
(45). According to that model, the extracellular part of the IFNy 
receptor consists of two Ig-like domains linked in a V-shaped 
structure. The two domains are connected with one essential 
disulfide (Cys 105 -Cys 150 ). The region at the convergence of the 
two Ig-like domains most likely includes the ligand binding 
domain of the receptor. That this region is essential for ligand 
binding was confirmed by studies with mutant IFNy receptors 
carrying domains of both the human and mouse species (50). 

In this study, applying four approaches, we found that two 
IFNyR-IgG3 molecules, carrying two ligand binding sites each, 
bind two IFNy dimers. Such a complex could be formed if each 
IFNy dimer interacts with one of the IFNy binding regions of 
one fusion protein and one of the binding regions of a second 
fusion protein (Fig. 6A). The model of the IFNyR-IgG3 fusion 
protein-lFNy dimer binding (Fig. 6A) shows that the stoichi- 
ometry of interaction is responsible for the higher ligand bind- 
ing affinity of the fusion protein and for the better performance 
in competition of binding and inhibition of antiviral activity, in 
comparison with soluble receptors, in which case two receptor 



molecules bind only one ligand dimer (Fig. 6B). 

Conclusion — We produced in CHO cells a human IFNyR- 
lgG3 fusion protein comprising the extracellular domain of the 
IFNy receptor and parts of the human IgG y3 heavy chain and 
worked out a purification method that delivered homogeneous 
IFNyR-IgG3. We investigated the stoichiometry of its interac- 
tion with the ligand, finding that two molecules of IFNyR-IgG3 
bind two IFNy dimers and explaining its superior performance 
in comparison with soluble receptors. The fusion protein has a 
slower IFNy-exchange rate and is expected to have a longer 
half-life in vivo in comparison with the sIFNyRs; therefore, it 
may prove useful as an antagonist of endogenous IFNy in the 
treatment of immunological and inflammatory diseases. 
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ABSTRACT More than 30 years ago, Brambell published 
the hypothesis bearing his name [Brambell, F. W. R., Hem- 
mi ngs, W. A. & Morris, I. G. (1964) Nature (London) 203, 
1352-1355] that remains as the cornerstone for thinking on 
IgG catabolism. To explain the long survival of IgG relative to 
other plasma proteins and its pattern of increased fractional 
catabolism with high concentrations of IgG, Brambell postu- 
lated specific IgG "protection receptors'* (FcRp) that would 
bind IgG in pinocytic vacuoles and redirect its transport to the 
circulation; when the FcRp was saturated, the excess unbound 
IgG then would pass to unrestricted lysosomal catabolism. 
Brambell subsequently postulated the neonatal gut transport 
receptor (FcRn) and showed its similar saturable character. 
FcRn was recently cloned but FcRp has not been identified. 
Using a genetic knockout that disrupts the FcRn and intes- 
tinal IgG transport, we show that this lesion also disrupts the 
IgG protection receptor, supporting the identity of these two 
receptors. IgG catabolism was 10-fold faster and IgG levels 
were correspondingly lower in mutant than in wild -type mice, 
whereas IgA was the same between groups, demonstrating the 
specific effects on the IgG system. Disruption of the FcRp in 
the mutant mice was also shown to abrogate the classical 
pattern of decreased IgG survival with higher IgG concentra- 
tion. Finally, studies in normal mice with monomeric antigen- 
antibody complexes showed differentia] catabolism in which 
antigen dissociates in the endosome and passes to the lyso- 
some, whereas the associated antibody is returned to circu- 
lation; in mutant mice, differential catabolism was lost and 
the whole complex cleared at the same accelerated rate as 
albumin, showing the central role of the FcRp to the differ- 
ential catabolism mechanism. Thus, the same receptor protein 
that mediates the function of the FcRn transiently in the 
neonate is shown to have its functionally dominant expression 
as the FcRp throughout life, resolving a longstanding mystery 
of the identity of the receptor for the protection of IgG. This 
result also identifies an important new member of the class of 
recycling surface receptors and enables the design of protein 
adaptations to exploit this mechanism to improve survivals of 
other therapeutic proteins in vivo. 



Thirty-two years ago, Brambell published the hypothesis (1) 
bearing his name that remains as the cornerstone for thinking 
on IgG catabolism. To explain the long survival of IgG relative 
to other plasma proteins and its pattern of increased fractional 
catabolism with high concentrations of plasma IgG (2-4), 
Brambell and colleagues (1) proposed that specific IgG "pro- 
tection receptors" (FcRp) bind IgG in pinocytic vacuoles and 
redirect its transport to the circulation; when the FcRp is 
saturated, the excess unbound IgG then passes to unrestricted 
lysosomal catabolism. Brambell similarly characterized the 
neonatal gut transport receptor (FcRn) and established its 
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saturable nature (5) which was confirmed by others (6-8). The 
connection was made early and often between these two 
systems in which the same mechanism or receptor system was 
postulated (5, 6, 8), although it could not be demonstrated 
directly. Common features include IgG saturation and transen- 
dosomal transport (1-8), acid-enhanced binding (5-9), a 
shared site on the Fc for binding (10, 11), and widespread 
expression of both the heavy and light chain of the cloned 
FcRn in normal adult tissues (9, 12) that corresponds generally 
to diverse sites of IgG catabolism (13, 14). In 30 years, the 
FcRp has not been identified, and the problem has attracted 
little further attention in the absence of genetic markers to 
define its activity. 

The intestinal receptor was cloned and characterized by 
Simister and colleagues (15, 16). It is a heterodimer of a 
membrane-integral class I -like heavy chain and a /^-micro- 
globulin (fom) light chain (15) in which both chains make 
essential contacts with Fc (11). When Fc is mutated in the 
domains contacting either FcR heavy or light chain (11), survival 
and transport are both adversely affected (10). In mice with a light 
chain deletion (j^m -7 "), FcRn surface expression is lost and 
neonatal pups are devoid of maternal IgG transport (16). The 
same study noted that older fam~ f ~ mice had autologous IgG 
levels l/10th that of normal mice, which was proposed to reflect 
decreased IgG synthesis. We considered that this could instead be 
due to increased catabolism from parallel impairment of the IgG 
protection mechanism. Using a genetic knockout that disrupts 
the FcRn and intestinal IgG transport, we demonstrate that this 
lesion similarly disrupts the IgG protection receptor activity of 
these mice, providing genetic and functional links to support the 
identity of these two molecules. 

MATERIALS AND METHODS 

Animals. Wild-type and fcm knockout (/^m" 7 ") mice were 
purchased from The Jackson Laboratory, with either a mixed 
C57BL/6 X 129/Ola background or an inbred C57BL/6J 
background. Animals were raised under low pathogen condi- 
tions (3, 4) to yield low endogenous IgG levels. 

Proteins. Purified murine anti-Tac antibody was a gift of T. 
A. Waldmann (National Institutes of Health). Anti-Tac is an 
IgG2a,K antibody against human interleukin 2 receptor a 
sub unit and is not reactive with any mouse proteins or tissues. 
Isotype matched control antibody UPC was purified from 
ascites by protein A chromatography. Affinity-purified soluble 
Tac protein was a gift of J. Hakimi (Hoffmann-La Roche). 
Murine albumin was obtained from Inter-Cell (Hopewell, NJ). 
Proteins were radiolabeled with 125 I or 131 I with Iodobeads 
(Pierce) and separated from free iodide by size exclusion on a 
Sephadex PD10 G-25 column (Pharmacia). Final specific 
activities were 0.1-3 ft,Ci//ig (1 Ci = 37 GBq), depending upon 
the experiment. Radioactivity was determined in a Beckman 



Abbreviation: 02m, ^microglobulin. 

tTo whom reprint requests should be addressed. 

5512 



Immunology: Junghans and Anderson 



Proc. Natl Acad. ScL USA 93 (1996) 5513 



model 5500 dual channel gamma counter, with corrections 
applied for radioactive crossover and decay. 

In Vivo Studies. Mice were injected by tail vein for phar- 
macokinetic studies. Blood was sampled at indicated times and 
processed for protein-bound counts by trichloroacetic acid 
precipitation as described (17). Rapidly catabolized proteins 
require confirmation of the protein-bound fraction of radio- 
activity to distinguish protein from radioactive catabolites in 
serum. Some animals were injected i.p. with 125 I-labeled 
human immunoglobulin (Miles) on schedules to maintain 
different steady-state blood levels of IgG for the duration of 
the experiment. Mice received 1-3 i.p. doses of human IgG 
before i.v. injection of 13 ^-labeled anti-Tac, and 0-8 i.p doses 
after the i.v. injection of 13 ^-labeled anti-Tac, Mice were 
injected i.v. with a single dose of 13 ^-labeled anti-Tac, six hours 
subsequent to the last prior i.p. dose of human IgG. Blood 
levels of administered human IgG were determined from 125 I 
counts and IgG specific activity, and added to the estimated 
total murine IgG. 

^Monorneric Antigen -Antibody Complexes. 131 I-soluble Tac 
[0i3 jifg (10 pmol)] was mixed with 100 ju£-'(1200 pmol binding 
sit|)-<?f nonspecific (UPC) or specific (an|i-Tac) 125 I-antibody 
arid injected i.v. as above. The concentration of specific 
antibody binding site ranged from 1200 to 300 nM in the 
plasma over the duration of the experiment, >1000X the 
antibody thus ensuring that antigen binding is essentially 
complete. Antibody survival is unaffected by antigen binding 
(17) and "antigen excess" is accordingly not represented in 
these tests. Samples were collected and processed for protein- 
bound counts as above. 

Pharmacokinetic Modeling. Kinetic parameters were ob- 
tained by two-compartment modeling of the composite data of 
each group using pcnonlin 4.2 (SCI, Durham, NC). The 
reported catabolic rate constant is kio (± fitting error) in 
standard pharmacokinetic nomenclature (catabolic U/ 2 = 
ln2/kw). The reported ratio of catabolic constants is between 
13 X I -labeled IgG and 125 I-labeled albumin as internal control. 
(It was previously- noted that albumin catabolism is modestly 
faster in the mixed. ^tb _/ ~ than in wild- type mice; R.P.J., 
unpublished work.) For. Fig. 2, the plasma loss kinetics of the 
administered 13 ^-labeled anti-Tac antibody were analyzed for 
each group as above, except that the beta phase Uj x is shown 
that parallels previous representations (1-4) of the wild- type 
curve. A different experimental design including more early 
points (e.g., see Fig. 1) is required for accurate assessment of 
catabolic rates; however, it may be inferred from the extremes 
represented in the Fig. 1 data sets that the catabolic ti/ 2 is 0.6 
to 0.75 X the beta phase t\j 2 under the conditions of Fig. 2. 

Immunoglobulin Levels. Plasma was prepared from blood 
obtained by cardiac puncture of anesthetized mice and mea- 
sured by ELISA relative to purified mouse antibodies [UPC 
(an IgG monoclonal; Sigma) and bulk IgA (Sigma)]. Plates 
(Costar) were coated with polyvalent goat anti-( total mouse 
Ig) antibody, incubated with dilutions of plasma, and then 
developed with horseradish peroxidase-conjugated polyvalent 
antibodies specific to IgG or IgA and read against a standard 
curve. 

RESULTS 

Mice with the deletion for the FcRn forn light chain lose 
expression of the receptor on neonata|intestine and are devoid 
of maternal IgG transport (16). To test the hypothesis that the 
protection receptor (FcRp) and transport receptor (FcRn) are 
the same, we examined the impact of this same mutation on the 
survival of IgG in adult mice. Comparison of administered IgG 
in wild- type and f$zEa~ , ~ mice confirmed a marked accelera- 
tion of clearance 1 in the latter (Fig. 1) (17). Compartmental 
modeling revealed catabolic rate constants of 0.14 ± 0.01 
day -1 for wild-type (■) and 1.5 ± 0.12 day' 1 for mutant (□) 




Time, days 

FlG. 1. Abbreviated IgG survival in fizm~l~ mice. Animals were 
injected with mixtures of 131 I-labeled murine anti-Tac antibody (■, 
wild-type mice; Q, mutant mice) and 125 I-labeled murine albumin 
(Inter-Cell) (data not shown), and blood samples were processed for 
protein bound counts. Five mice were used per group. Error bars = ± 1 
SE, shown only on last points; fractional errors of other points are 
similar or less. 

mice.§ When normalized to albumin coadministered in these 
tests, the wild-type mice catabolized IgG at a rate of 0.15 
relative to albumin, reflecting an ^7-fold relative protection of 
IgG, whereas the mutant mice catabolized IgG and albumin at 
identical rates (ratio = 0.97 ± 0.05), hence displaying no 
protection of IgG. 

These results thus confirm disruption of the protection 
receptor (FcRp) that parallels FcRn disruption. Further, these 
data allow quantitation of the protection by the FcRp: the IgG 
in these normal mice was recycled through cellular endosomes 
an average of seven times (relative to albumin) before it was 
finally catabolized. 

These studies were repeated in wild- type and mutant mice 
of inbred C57BL/6 background in which plasma immunoglob- 
ulin levels were also assayed. Similar to the data of the mice of 
mixed background in Fig. 1, the catabolic rate constants for 
IgG were 8 -fold faster in the knockout (1.34 day -1 ) than in the 
wild-type mice (0.18 day -1 ). Correspondingly, plasma IgG 
levels were measured as 7-fold lower in mutant than in 
wild-type mice, which is comparable to the difference reported 
previously (16), whereas IgA was similar between groups 
(Table 1). This direct relation of decreased steady state blood 
levels and increased catabolism of IgG in FcRp-deleted mice 
is compatible with pharmacokinetic predictions with an unal- 
tered IgG synthetic rate (17). 

As a corollary of its role in protecting IgG from catabolism, 
the disruption of the FcRp is predicted to disrupt the classical 
pattern of decreased IgG survival with higher IgG concentra- 
tion (1-6). An experiment was undertaken to examine this 
hypothesis. We recapitulated procedures developed by Fahey 
and Sell (3, 4) using human IgG, which competes equally for 



§The catabolic h/ 2 values for IgG were 4.9 ± 0.4 days in wild-type versus 
0.47 ± 0.02 day in the mutant mice. The t\ u values of the beta phase 
of the curves were longer for both (8.2 and 0.64 days, respectively) but 
beta phase constants are a complex composite of distribution and 
catabolism and are not appropriate for judging catabolic rates or 
steady states. 
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:Tahle 1. Selective depression of plasma IgG concentration 
(in/jS&h - ^ - mice 



IgG 



IgA 



Wild-type 

Mutant 

Ratio 



2200 ± 100 
260 ±30 
8.4:1 ± 0.9 



110 ± 20 
110 ± 20 
1.0:1 ± 0.2 



Plasma was prepared from blood obtained by cardiac puncture of 
anesthetized mice and measured by ELISA. In this series, inbred 
C57BL/6J mice were used. Values are averages of five mice ± SE. Two 
significant figures are reported but all calculations were done with 
complete figures. The ratio standard errors were obtained by standard 
formulas. The catabolic ty 2 values were measured in these animals as 
3.78 ± 0.21 and 0.52 ± 0.02 days (k w of 0.18 and 1.34 day" 1 ) for 
wild- type and mutant mice, predicting steady state IgG ratios of 7.3 ± 
0.5, which is not significantly different from the observed ratio of 8.4 
± 0.9 (P > 0.3 by t test). 

the protection mechanism as mouse IgG. 125 I-labeled human 
IgG was injected i.p., which transports to blood over several 
hours; by the dose quantity and frequency, different mean 
levels of plasma IgG were maintained. The catabolism of tracer 
13 *I -labeled mouse IgG injected i.v. was then evaluated. The 
expected survival pattern was confirmed (Fig. 2). Wild- type 
mice exhibited suppression of IgG survival with increased total 
IgG as shown previously (1-4, 6). The mutant mice showed no 
similar effect, with IgG behaving essentially as expected for 
subunit albumin, which does not share the IgG protection 
receptor and whose clearance is unaffected by IgG concen- 
tration (1-5). 

Finally, studies were performed with monomelic antigen- 
antibody complexes. Our previous metabolic studies {17) with 
soluble Tac antigen (soluble interleukin 2 receptor and 
anti-Tac antibody showed that antibody binding grektl^ pro- 
longed antigen survival by blocking renal glomerular filtra- 
tion — the principal mode of catabolism of free soluble Tac — 
whereas antigen binding had no influence on antibody sur- 
vival. However, these studies also noted that antigen-in- 
complex clears faster than antibody-in-complex in normal 




'■ QiIj0$H6'-/''T-} '20'-, 

Fig. 2. Suppression of antibody ^survival by increased IgG concen- 
tration in wild-type but not ih::;^2fh~ /_ mice. The survival h/ 2 for 
wild-type (■) or mutant (□) rikiee^iis plotted against plasma concen- 
tration of IgG, represented as the sum of human and endogenous 
murine IgG. Each point represents the average of two to five mice. 
Error bars not shown: fitting error of the t\/ 2 was 10% or less, and the 
midquartile range for the IgG concentrations over the duration of the 
experiments was approximately ±25%. 



mice, termed "differential catabolism." This was interpreted 
(17) as antigen dissociation in the acidic endosome, where 
Fc-FcRp binding is stabilized, with return of antibody to 
circulation through the protection receptor but passage of 
antigen to lysosomal catabolism. The results of Fig. 3A confirm 
the observation of differential catabolism in the wild-type mice 
of this experiment, with longer survival of antibody than 
antigen associated with antibody. When performed with mu- 
tant mice (Fig. 3B), bound antigen was now cleared at the same 
accelerated rate as (unprotected) antibody. These results 
confirm that the protection receptor is central to the differ- 
ential catabolic mechanism for antigen-in-complex and anti- 
body-in-complex. 



to 







lill 
































Fig. 3. Abrogation of differential catabojism^mechanism for an- 
tigen-in-complex and antibody-in-complex & jfem^" mice. Mono- 
melic antigen -antibody complexes were preparediand injected. Both 
panels show the survival in wild -type (A) Of^iih - ' - (B) mice of 
soluble Tac antigen in the presence of nonspecific;^ -a- -) or specific 
( — a — ) antibody. Also shown is the survival of specific antibody 
(anti-Tac, ■) The nonspecific isotype control antibody (UPC) is not 
shown. Five mice were used in each group. Samples were collected and 
processed for protein-bound counts. Error bars = ± 1 SE, shown only 
on last points; other points are similar or less. 
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DISCUSSION 

IgG has a much prolonged survival relative to other serum 
proteins, but this survival decreases at higher concentrations of 
IgG (2-4). To explain this, Brambell et al(\) proposed in 1964 
that there was a saturable IgG protection receptor (FcRp) in 
cellular endosomes that selectively recycles endocytosed IgG 
back to the circulation. This concept, called the "Brambell 
hypothesis," remains as the cornerstone of thinking on IgG 
catabolism. Brambell subsequently demonstrated a neonatal 
intestinal receptor (FcRn) that transported maternal IgG with 
similar saturation behavior (5). Waldmann later showed pref- 
erential binding of IgG to an FcR at low pH using neonatal 
intestine (FcRn) or eviscerated adult carcasses (FcRp) (6, 7). 
Following cloning of the FcRn (15), both chains of the dimer 
were shown to be expressed much more broadly than neonatal 
gut (9), corresponding to the similarly wide distribution of sites 
of IgG catabolism previously shown (13). Other studies showed 
that mutations in IgG Fc at sites of contact with the FcRn (11) 
that suppressed intestinal transport also increased IgG catab- 
olism (10). 

Historically, the identity of the intestinal and protection 
receptors was suggested by these several features, prompting 
the hypothesis underlying the present study; however, the 
FcRp was never previously identified with any specific protein 
species. The common functional disruption of the FcRp and 
FcRn from genetic deletion of a sub unit of the molecule is the 
most concrete evidence that the FcRp and FcRn are one and 
the same, which, by now, represents the most straightforward 
interpretation; of .these accumulated data. As the heavy chain 
and light chaini(^tn) sub units are each encoded by single copy 
genes, the expression of this FcR in these two contexts should 
be regulated from the same loci by temporal and tissue-specific 
factors. As FcRn, the receptor is expressed in intestinal tissue 
only in the first 2 weeks of neonatal life and then is down- 
regulated (5, 7, 8, 15, 16), in contrast to its systemic expression 
that persists through life (8, 9). Of these two settings, therefore, 
it is as the FcRp that this FcR has its broadest and most durable 
expression. Further studies will be needed to define aspects of 
cellular expression that differentiate its transient superexpres- 
sion in neonatal gut from the constitutive expression observed 
in the majority of other tissues. 

The unifying feature of the FcRn and the protection recep- 
tor is high affinity binding at low pH, present both in bowel and 
in the endosome, and low affinity at normal plasma pH. In the 
protection setting, we expect that IgG is not bound to FcRp on 
the cell surface at all, but only after IgG is passively internal- 
ized by ongoing pinocytosis into endosomes where low pH 
levels (5-6.5) foster tight binding to the FcRp, which then 
redirects the IgG to the cell surface where it is returned to 
circulation with reversal of binding at neutral physiologic pH. 
It is noted finally that the other known- ^fits, which mediate 
diverse effector and clearance functions !{i$); and also recycle 
(19), by inference do not participate importantly in the bulk 
catabolism of monomeric IgG, confirming previous data (20). 
The present studies show that normal IgG catabolism is 
regulated principally through the Brambell receptor because 
deletion of a sub unit of the receptor renders its catabolism 
indistinguishable from that of albumin in the same mice. 

These studies also provide further information on the 
differential catabolism mechanism for antigen-in-complex and 
antibody-in-complex (17), and establish the central role of the 
FcRp in the expression of this function, which now merits 
explicit representation (Fig. 4). The acidic endosome environ- 
ment promotes dissociation of antigen from antibody and 
stimulates binding of IgG to FcRp, with return of IgG to 
circulation and passage of dissociated antigen to the lysosome, 
thus yielding the different catabolic rates. This mechanism thus 
"cleanses" the antibody of antigen and harvests antigen for 
presentation without antibody destruction, as occurs with mlg 




Fig. 4. Differential catabolism model incorporating Brambell 
receptor function. Circulating monomeric IgG plus antigen (A) is 
internalized into endosomes passively (B), without prior FcRp bind- 
ing. In the low pH of the endosome (C), antigen dissociates from 
antibody, whereas binding of IgG to FcRp is promoted. The endosome 
then divides into two pathways. (D-F) Antibody retained by the FcRp 
is recycled to the cell surface and dissociates in the neutral pH of the 
extracellular fluid, returning IgG to circulation, free of antigen. (G and 
H) Unbound antigen is shunted with the endosomal contents to the 
lysosomes for degradation. When the Brambell receptor is deleted, the 
antigen and antibody pass together to lysosomal catabolism. 

on B cells (21). That vesicles may be thus topologically 
"divided" was previously demonstrated with transferrin and 
horseradish peroxidase: both colocalize in early endosomes, 
but transferrin returns to the surface bound to its receptor, 
whereas horseradish peroxidase proceeds to the late endo- 
somes and lysosomes (22). 

The suryiyal:of Tac-in-complex in wild-type (catabolic Uf 2 1.7 
days) versu^ jllm" 7 " mice (ti /z 0.55 day) (Fig. 3) suggests that 
Tac bound to antibody in normal animals recycles through the 
endosome an average of three times before it is dissociated and 
passed to the lysosome for catabolism versus eight times for the 
antibody itself in this experiment. By this model, the survival 
of other antigens traversing the endosome will depend on 
antigen-antibody affinity (off-time) at acidic endosomal pH 
levels and on the endosomal transit time, expected to be of the 
order of a few minutes from data on other recycling receptors 
(22). The normal off-time for Tac from anti-Tac complexes is 
/i/ 2 100 min under physiologic conditions (23); the endosome 
environment evidently accelerates this dissociation rate to 
account for the 50% catabolism of Tac-in-complex on a few 
brief passages through the cell. 

It is notable that the catabolic U l% of 0.43 ± 0.06 day 
previously estimated for the 10% nonrenal fraction of Tac 
catabolism (90% is renally filtered) (17) approximate; the 
value of 0.47 ± 0.02 day for IgG and albumin in the jS^m -7 " 
mice (Fig. 1), and is also comparable with the nonrenal 
component of L chain and Fab catabolism (24) and to total 
catabolism for IgM (6), which is not filtered. This correspon- 
dence suggests that the dispersed pinocytotic activities of 
virtually all cells capture and process all soluble plasma 
proteins at a rate of «*2X per day with equivalent degradative 
rates unless they are protected by specific mechanisms, as 
studied here with the FcRp and as available to transferrin and 
other recycled proteins through their cognate receptors (22). 
Although all nucleated cells perform pinocytosis, our data 
show that cells of the compartment in rapid equilibrium with 
the blood are relatively more active in this catabolism on a 
volume basis than is the extravascular compartment. This is 
apparent by the difference in the beta and catabolic rate 
constants for IgG: they would be identical if intravascular and 
extravascular catabolism were the same. 

As a final point, there is apparently no feedback mechanism 
to regulate synthesis of IgG to maintain specific blood levels. 
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Although catabolism of IgG is 7- to 10-fold faster in mice 
deleted for the FcRp, resulting in markedly diminished blood 
levels, the direct correspondence of IgG blood level changes to 
catabolic changes implies a constant rate of synthesis (17) of 
IgG despite wide differences in plasma concentration. 

Pharmacokinetic models of bulk metabolic processes in live 
animals with controlled genetic defects have enabled our 
correlation of long-established observations with newer infor- 
mation on these processes. In all respects, these data support 
the wisdom of early insights by Brambell, Waldmann, Fahey, 
and others who pioneered these concepts more than 30 years 
ago. The recent decade has been marked by major advances in 
understanding of the molecular features of this receptor and its 
intestinal expression. The present studies rejoin the link be- 
tween these systems governing the transport and catabolism, 
respectively, of IgG and thereby provide the basis for a 
renewed examination of this receptor in the dominant meta- 
bolic role of its systemic expression. With the increased use of 
therapeutic antibodies in humans, the understanding of mech- 
anisms of catabolism of the administered IgG will enable 
improvements in the design and application of these new 
clinical modalities. Other therapeutic non-Ig proteins may 
even be modified by "surface reshaping" to adapt to this 
recycling protection receptor system and thereby adopt a 
correspondingly long survival. 

In this field, it was said, we are "standing on the shoulders 
of a giant" (8). In honor of the late Professor Brambell, who 
defined both the FcRp and FcRn activities, we propose that the 
generic and genetic names for this molecule be assigned as 
FcRB, and FcRBoi.pr FcRB heavy chain for the class I-related 
sub unit, with trie-specific designations of FcRn and FcRp 
preserved to distinguish its separate expressions as transporter 
or protection receptor for this most important of all immu- 
noglobulins. 

Note Added in Proof: We wish to call attention to concurrent efforts 
we learned of a£fer : : completing our own studies, which also show faster 
IgG clearance |i|ij32m~/" mice (ref. 25; E.J. Israel, D.F. Wilsker, 
K. C. Hayes, DiSchbenfield & N. E. Si mister, unpublished work). We 
note, however, that a conclusion of reduced IgG biosynthesis in these 
mice (25) contrasts with our analysis that it is essentially unaltered. 
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(Biotherapeutics Development Lab) for laboratory assistance in di- 
verse aspects, to K. Nieforth (Hoffmann-La Roche) for discussions on 
the kinetics data, and to T. Waldmann (National Institutes of Health) 
for comments on the manuscript. We aLso thank V. Ghetie and N. 
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Insertion of constant region domains of human IgGl into 
CD4-PE40 increases its plasma half-life. 



Batra JK, Kasturi S, Gallo MG, Voorman RL, Maio SM, Chaudhary 
VK, Pastan I. 

Laboratory of Molecular Biology, National Cancer Institute, National 
Institutes of Health, Bethesda, MD 20892. 

CD4-PE40 is a recombinant toxin containing the binding domain of CD4 
and a mutant form of Pseudomonas exotoxin A from which the cell binding 
domain has been removed. To increase the serum half-life of CD4-PE40, we 
have inserted various portions of the constant domain of human IgGl into 
CD4-PE40. The constructs made include CD4-CH2-PE40, CD4-CH3-PE40, 
CD4-CH1-CH2-PE40 and CD4-CH2-CH3-PE40. The fusion proteins were 
expressed and purified from E. coli. Insertion of various domains from the 
constant region of IgGl did not alter the cytotoxic activity of CD4-PE40; all 
these molecules were equally cytotoxic to cells expressing gpl20 on their 
surface. However, there was a marked increase in the serum mean residence 
time of CD4-CH2-PE40 which was 115 min as compared to 47 min for 
CD4-PE40. Insertion of other domains also increased the half-life of 
CD4-PE40, however, CD4-CH2-PE40 was found to have the longest mean 
residence time in the circulation. One possible explanation for the increase 
in plasma half-life is diminished susceptibility of proteins to proteolysis. It 
was found that CD4-CH2-PE40 was much more resistant to proteolysis by 
trypsin than CD4-PE40. We proposed that insertion of the CH2 domain into 
CD4-PE40 covers up the protease sensitive sites in the molecule, thereby 
making the molecule less susceptible to degradation. The increase in size 
and reduced sensitivity to proteases could both be responsible for the 
increased plasma half-life of CD4-CH2-PE40. 
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Identification of the Fc y receptor class I binding site in human IgG 
through the use of recombinant IgGl/IgG2 hybrid and 
point-mutated antibodies 
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ABSTRACT To characterize the region on human IgGl 
responsible for its high -affinity interaction with the human Fc r 
receptor class I (Fc y RI), we have analyzed the binding prop- 
erties of a series of genetically engineered chimeric anti- 
dinitrophenyl antibodies with identical murine antibody com- 
bining sites and hybrid IgGl/IgG2 human constant (C) re- 
gions. In addition, we have investigated a panel of reciprocally 
point-mutated IgGl and IgG2 chimeric antibodies to identify 
the amino acid residues that confer cytophUic properties to 
human IgGl. Our data unambiguously indicate that cytophilic 
activity of IgGl is an intrinsic property of its heavy-chain C 
region 2 (C H 2) domain* We report that the entire sequence 
spanning residues 254-237 (LLGG) is required to restore full 
binding activity to IgG2 and IgG4 and that individual amino 
acid substitutions failed to render IgG2 active. Nevertheless, 
the reciprocal single point mutations in IgGl either signifi- 
cantly lowered its activity or abolished it completely. Finally, 
we observed that an IgG2 antibody containing the entire 
ELLGGP sequence (residues 233-238) was more active than 
wild-type IgGl. This finding suggests that in addition to the 
primary contact site identified in the N terminus of the y\ C H 2 
domain, secondary sites involving residues from the C-teirninal 
half of the domain may also contribute to the IgGl-FcyRI 
interaction. 



Fc receptors for human IgGs (FCyR) form a family of integral 
membrane proteins that specifically bind to immunoglobulin 
Fc regions. 4 The interaction of FCyRs with IgG trigger critical 
host effector functions such as phagocytosis of immune 
complexes (1), antibody-dependent cell-mediated cytotoxic- 
ity (2-4), and the release of inflammatory mediators (5). 

Three classes of human Fc^R have been defined on the 
basis of their reactivity with monoclonal antibodies (6). The 
high-affinity FcyRI (CD64) is a 72-kDa glycoprotein ex- 
pressed on mononuclear phagocytes (7) and interferon y-ac- 
tivated neutrophils (2). FcyRI displays a hierarchy of affini- 
ties for monovalent human IgG subclasses. IgGl and IgG3 
bind with high affinity (K & lO^lO 9 M" 1 ), whereas IgG4 is 
10-fold less cytophilic and IgG2 is devoid of any significant 
binding activity (8). 

Several indirect approaches suggest that the primary site 
that mediates the IgGl-Fc^JU interaction resides within the 
heavy-chain constant region 2 (C H 2) domain. Monoclonal 
antibodies directed against a C H 2 domain N-terminal epitope 
including the isotype -specific residue K274, inhibited the 
IgGl-Fc y RI interaction (9). Furthermore, the C H 2 domain- 
deleted IgGl myeloma protein TIM failed to bind Fc y RI (10). 
Results obtained with isolated Cr2 domains remain contro- 
versial since dim eric, but not monomeric, domains possess 
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cytophilic activity (11, 12). In the context of a hybrid mole- 
cule, however, only a single cytophilic H chain is required for 
binding activity (13). More recently, the functional analysis of 
a panel of genetically engineered human IgGl/IgE hybrid 
antibodies indicated that the FcyRI binding site was essen- 
tially a property of the IgGl C H 2 domain (14). 

Several observations suggest that the C H 2 N terminus 
forms at least part of the IgGl Fc^RI recognition site. 
Comparative primary sequence analysis revealed that an 
LLGGP motif spanning residues 234-238 is conserved in all 
cytophilic IgGs (15). Site-directed mutagenesis of E235 in 
noncytophilic mouse IgG2b to L235 produced the LLGGP 
motif on an IgG2b background, rendering this molecule fully 
active (16). This was not predicted to be the only critical 
residue in the human site since IgGl and IgG4 are identical 
at this position, yet IgG4 is 10-fold less active. Finally, 
whereas IgGl Fc fragments obtained by digestion with papain 
retain cytophilic activity, those obtained with thermolysin, 
which cleaves between residues 234 and 235, do not (11). This 
indicates that FCyRI binding activity requires the presence of 
residues N-proximal to L235 but not that of the hinge 
disulfide bonds, since reduction and alkylation of IgGl has no 
significant effect on its binding affinity for FcyRI (15). 

We have engineered a panel of chimeric IgGl/IgG2 hybrid 
molecules and a set of reciprocally point-mutated IgGl and 
IgG2 antibodies to identify the region(s) and ultimately the 
amino acids that are essential for IgGl-FCyRI recognition and 
are sufficient to restore full activity to IgG2. We report that 
IgG2 molecules containing only an IgGl C H 2 domain are as 
cytophilic as wild- type IgGl and that the amino acids that are 
critical for this activity are L234, L235, and G237. 

MATERIALS AND METHODS 

Cell Lines. The murine myeloma A-chain-producing mutant 
cell line MOPC 315.26 was maintained as described (17). 
U937 cells were grown in RPMI 1640 medium supplemented 
with 2% fetal calf serum, 2 mM glutamine, and antibiotics. 

Plasmid Constructs. The pSV2neoV H 315 mammalian 
expression vector has been described (18). The 3.2-kilobase 
Hin&\\l/Bamlll IgGl and IgG2 C H gene fragments were 
kindly provided by L. Hood (California Institute of Technol- 
ogy), All molecular cloning techniques were performed ac- 
cording to Sambrook et ai (19). The human IgGl, IgG 2, and 
IgG4 C region genes were cloned into pEMBL-19, where all 



Abbreviations: C, constant; H, H chain; Fc r Rl, high-affinity Fc y 
receptor class I. 
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subsequent genetic manipulations were done. Oligonucle- 
otide-directed mutagenesis was performed by the Eckstein 
method (20) (Amersham) to introduce unique Xba I and 
EcoKl sites in the hinge-C H 2 and C H 2-C H 3 introns, respec- 
tively, and to substitute amino acids. Hybrid IgGl/IgG2, 
IgG2/IgGl, and IgGl/IgG4 genes were constructed by re- 
ciprocally exchanging exons excised with the appropriate 
restriction enzymes. The transfer of native and modified 
IgGi, IgG2, and IgG4 genes into the pSV2neoV H 315 expres- 
sion vector was performed as described (18). The resulting 
expression vector encodes an entire H chain composed of a 
human IgG C region and the murine MOPC 315 H-chain 
variable region (V H ) domain. The identity of each construct 
was confirmed in both pEMBL-19 and in pSV2neoV H 315 by 
restriction map analysis and DNA sequencing. 

Electroporation. ThepSV2neoV H 315 IgGi, IgG2, and IgG4 
H-chain constructs were transfected into the A-chain- 
producing cell line MOPC 315.26 by electroporation accord- 
ing to the method of Baker et aL (21). The electroporated cells 
were grown and selected in G418 (GIBCO) (17). Antibody 
production was quantified by IgG-specific capture ELISA, 
using myeloma human IgGi and IgG 2 as standards. 

Assembly of Chimeric Molecules. The assembly of the 
chimeric antibodies was evaluated by SDS/polyacrylamide 
gradient (4-15%) gel electrophoresis under nonreducing con- 
ditions. Culture supernatants containing «5 fig of chimeric 
immunoglobulin were incubated with 50 yX of a 10% suspen- 
sion of formalin-treated Staphylococcus aureus bacteria for 
1 hr at 4°C. The pellets were washed six times in phosphate- 
buffered saline (PBS) containing 0.5% Triton X-100, 0.25% 
deoxychoiate, 0.5% SDS, 10 mM EDTA, and 2 mM phenyl- 
methylsulfonyl fluoride and then boiled for 3 min in 2x 
sample buffer containing 4% SDS and 1 mM iodoacetamide 
to prevent disulfide interchange. 

Preparation of Culture Supernatants for Binding Inhibition 
Assays. Culture supernatants were concentrated 10-fold using 
Centriprep-30 microconcentrators (Amicon). The concen- 
trated culture supernatants were then subjected to ultracen- 
trifugation for 30 min at 100,000 x g at 4°C to remove 
potential IgG aggregates. The final concentration of chimeric 
antibodies was assessed by triplicate ELISA determinations. 

Binding Inhibition Studies. Purified human IgGi myeloma 
protein was radioiodinated using Iodobeads (Pierce) to a 
specific activity of 1 x 10 6 cpm/^g. Bound 125 I was separated 
from free material by gel filtration through a Biogel P4 spin 
column. IgG concentration was measured spectrophotomet- 
rically at 280 nm using an extinction coefficient of 1.4. 
U937 cells were washed once in PBS containing 0.02% 
sodium azide and bovine serum albumin (1 mg/ml) and 
resuspended in the same buffer. Direct binding and inhibition 
assays were carried out in 96-well U-bottom microtiter plates 
essentially as described by Raychaudhuri et aL (22). In brief, 



Fig. 1. Schematic representation 
of wild-type, hybrid IgGl/IgG2 {Left) 
and hybrid lgG2/IgGl {Right) C re- 
gion gene constructs. Genes were 
subcloned into pEMBL-19 between 
its HintHU and BamHI sites. Unique 
Xba I and EcoKl sites were intro- 
duced by site-directed mutagenesis in 
the hinge-C H 2 and the C h 2-Ch3 in- 
trons, respectively. Hybrid genes 
were constructed by exchange of ex- 
■ ons excised with the appropriate re- 

. striction enzymes. 

for the inhibition assay, 2.5 x 10 6 U937 cells were incubated 
per well with 10 nM radiolabeled IgGi and increasing con- 
centrations of chimeric inhibitor for 2 hr at room temperature 
and then spun through a dibutyl phthalate oil cushion; cellular 
pellets were assayed for bound radioactivity. Nonspecific 
binding was determined from the residual bound radioactivity 
in the presence of 10 fxM unlabeled IgGi and never exceeded 
2% of total binding. AH values were corrected for nonspecific 
binding. The association constants of the chimeric antibodies 
were estimated from the displacement of the inhibition curve 
(at 50%) obtained with chimeric inhibitor relative to that 
obtained with myeloma IgGi for which the was deter- 
mined in a direct binding assay (23). Three independent 
determinations were obtained in triplicate for each chimera 
species. 

RESULTS 

Construction, Expression, and Fc r RI Binding Properties of 
Hybrid IgGi and IgG2 Antibodies. The role of individual 
domains in the cytophilic activity of human IgG isotypes was 
analyzed by exon- shuffling experiments. The panel of hybrid 
genes is depicted schematically in Fig. 1. An IgGi molecule 
with an IgG4 hinge was also constructed (data not shown). 
Hybrid molecules are described by four digit numbers indi- 
cating the subclass origin of the C H 1» hinge, C H 2, and C H 3 
exons, respectively. 

Chimeric immunoglobulins from clones secreting in the 
range of 5-10 ftg of IgG per ml were affinity isolated with S. 
aureus cells and analyzed by SDS/PAGE. Nonreduced SDS/ 
PAGE revealed that all molecules migrated as a single band 
with an apparent molecular mass of 150 kDa corresponding 
to a covalently assembled H 2 L 2 molecule that could be 
dissociated into its constituent H and L chains upon reduc- 
tion (data not shown). Representative electrophoretic pat- 
terns obtained with wild-type chimeric IgGi and IgG 2 and 
hybrid IgGl-1-2-1, IgG2-2-l-2 molecules are shown in Fig. 
2JI 

The binding properties of the exon-shuffled antibodies 
were assessed by competitive inhibition assays. To validate 
the use of chimeric IgGs as inhibitors, we confirmed that the 
cytophilic activity of the IgGi chimera was indistinguishable 
from that of myeloma IgGi. Representative binding inhibi- 
tion curves obtained for these molecules are depicted in Fig. 
3 A. The curves demonstrate a typical sigmoidal shape and are 
superimposable. This indicated that the K a value for the 
chimeric IgGi molecule was the same as that of myeloma 
IgGi, which was determined in an independent direct binding 

^Example of nomenclature for hybrid molecules: IgGl-1-2-1 refers to 
ChI, hinge, and C H 3 exons of IgGi origin, and a C H 2 exon of IgG2 
origin. 
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Table 1. Apparent K z values of hybrid IgG-U937 
FCyRI interactions 
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Fig. 2. SDS/PAGE analysis of hybrid and point-mutated chi- 
meric IgGs. Samples were analyzed as described. IgGl M, IgGl R, 
and IgG2 R, IgGl myeloma and recombinant IgGl and IgG2 proteins, 
respectively. Immunoprecipitated supernatant from mock- 
transfected MOPC 315,26 cells (Medium) shows a faint 150-kDa band 
likely corresponding to bovine IgG. 

experiment to be 4.30 x 10 8 M" 1 . A similar experiment 
confirmed that chimeric JgG2 was devoid of any cytophilic 
activity at molar concentrations up to 10" 7 M (Fig. 3A), 
Myeloma IgG2 displayed ~ 30-fold lower activity than did 
IgGl, probably reflecting a small amount of contaminating 
cytophilic isotypes in the IgG2 preparation. 

To assess the relative contribution of the Fc C region 
domains and the genetic hinge, combinations of domain and 
hinge exons were reciprocally exchanged (Fig. 1). Table 1 
summarizes the FCyRI binding properties of these molecules 
as assessed by competitive inhibition assays. Neither the 
hinge nor the C H 3 domain was shown to contribute signifi- 
cantly to the IgG-FcyRI interaction, since grafting of an IgGl 
hinge or C H 3 domain on an lgG2 background did not restore 
measurable activity to the IgG2 subclass within the range of 
concentrations tested. Conversely, IgGl hybrid molecules 
containing either an IgG2 hinge or C H 3 domain retained full 
cytophilic activity. In marked contrast, the insertion of an 
IgGl C H 2 domain conferred full cytophilic properties to IgG2 
(Fig. 3B). Indeed, the IgG2-2-l-2 hybrid immunoglobulin was 
found to bind to the U937 Fc^I with an affinity (K a = 3.77 
x 10 8 ± 0.86 M _1 ) comparable to that of wild-type IgGl, 
whereas the reciprocal hybrid molecule IgGl- 1-2-1 was to- 
tally inactive. All molecules containing an IgGl C H 2 domain 
were active regardless of the isotypic origin of the hinge or 
other -/-chain C domains. Conversely, all hybrids containing 
an IgG2 C H 2 domain were functionally inactive. In addition, 
we also observed that the replacement of an IgGl hinge with 
its IgG4 counterpart did not affect the activity of the IgGl 
chimera (Table lj. 
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IgG Inhibitor Concentration (nM) 



•This K a value was obtained by Scatchard analysis of data from a 
direct binding experiment. All other apparent X. values were 
obtained from binding inhibition experiments as described in Ma- 
terials and Methods and are expressed as the means from indepen- 
dent determinations (n) performed in triplicate. 

Construction, Expression, and Fc^RI Binding Properties of 
IgGl, IgG2, and IgG4 C H 2 Domain Point Mutants. The 

existence of striking primary sequence differences in the 
lower hinge region of IgGl and IgG2 C H 2 domains (Table 2) 
and the indirect evidence that this region may be structurally 
important for Fc^RI recognition led us to concentrate on 
residues 233-238 (Eu numbering) for more detailed analyses. 
Individual IgGl residues E233, L234, and L235 of the 
ELLGGP sequence were systematically substituted with the 
corresponding IgG2 residues P233, V234, and A235, respec- 
tively. In addition, IgGl G237 was deleted, since there is no 
corresponding residue at position 237 in IgG2. A similar 
mutagenesis strategy was also used to modify the N -terminal 
region of the IgG2 C H 2 domain. Residues P233, V234, and 
L235 of the IgG2 PVAG-P sequence were replaced with the 
corresponding IgGl residues E, L, and L, respectively. In 
addition, a glycine residue was inserted at position 237. 
Multiple substitutions were also performed such that in all, a 
panel of 12 IgGl and IgG2 analogues with mutated C H 2 
domains were generated. The amino acid sequences of tl^ese 
variants, and an additional IgG4 F234 to L234 mutant mol- 
ecule, are shown in Table 2. SDS/PAGE analysis revealed 
covalent H^L? assembly in all cases. The electrophoretic 
patterns for three critical mutants are shown in Fig. 2. The 
relative binding activities of the mutated molecules obtained 
from two independent transfections were compared in bind- 
ing inhibition assays at two different concentrations of chi- 
meric inhibitor (2.3 and 6.7 nM) and equimolar concentra- 



1000 



Fic. 3. Inhibition of 125 MgGl 
binding to U937 cell FCyRI receptors 
by myeloma and recombinant wild- 
type IgGl and IgG2 and by yl/-y2 
hybrid molecules. The assay was per- 
formed as described in ref. 22 using 
2.5 x 10 6 U937 cells per assay and 10 
nM 125 l-lgGl in the presence of in- 
creasing concentrations of IgG inhib- 
itors. (4) The inhibitors are myeloma 
IgGl (□), wild-type recombinant IgGl 
(■), myeloma IgG 2 (o), and wild-type 
recombinant IgG2 (•). (B) The inhib- 
itors are wild-type recombinant IgGl 
(■), hybrid IgGl-i-2-1 (a), and hybrid 
IgG2-2-l-2 (a). 
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Table 2. Apparent values of the Fc y RI-IgG interaction 



obtained with IgGl and IgG2 point mutants 
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Underlined letters indicate point mutations. All apparent K & values 
were obtained from binding inhibition experiments and are expressed 
as the means of independent determinations (n) performed in tripli- 
cate. WT, wild type. 

tions of the myeloma ^-labeled IgGl ( 125 I-IgGl) tracer (Fig. 
4A). Single substitutions at positions 233 (P for E) or 235 (A 
for L) completely abolished IgGl cytophilic activity, as did 
the deletion of G237. The relatively conservative V for L 
substitution at position 234 yielded a molecule with reduced 
activity. This molecule, when examined more closely in a full 
binding-inhibition assay, displayed a 2-fold decrease in ap- 
parent K & (Fig. 45; Table 2). Although single mutations 
introduced in IgGl between residues 233 and 238 reduced or 
abolished its functional activity, interestingly, none of the 
reciprocal mutations conferred any significant binding affin- 
ity to IgG2 (Fig. 4A; Table 2). Consequently, progressive 
mutations were sequentially introduced in IgG2 to gradually 
reconstruct the IgGl ELLGGP sequence. Only simultaneous 
substitutions of L at positions 234 and 235, along with the 
insertion of G at position 237 (PLLGGP) restored binding 
affinity to a level comparable to that of wild-type IgGl. A 
representative binding inhibition curve obtained for this triple 
mutant is shown in Fig. 4B. The was estimated to be 5.17 
x 10 s ± 0.39 M" 1 . Reconstruction of the IgGl-like ELLGGP 
sequence on an IgG4 background through the single F234 to 
L234 substitution yielded a cytophilic molecule with a bind- 



ing affinity indistinguishable from that of IgGl (Fig. 4A ; Table 
2). Finally, grafting of the entire IgGl ELLGGP motif on an 
IgG2 background yielded a mutated molecule that was «»4 
times more active than wild-type IgGl (K a = 1.65 x 10 9 ± 
0.55 M" 1 ; Fig. 4B; Table 2). 

DISCUSSION 

Human IgG subclasses differ with respect to their cytophilic 
properties. The objective of this study was to identify the 
amino acid residues that play a critical role in the IgGl-Fc^RI 
interaction. 

As a first step, we engineered a panel of IgGl/IgG2 
antibodies by reciprocal exon shuffling to identify the ho- 
mology region of IgGl responsible for its interaction with 
Fc.yRI on U937 ceils. We first demonstrated that the binding 
affinities of the chimeric IgGl and IgG2 molecules were 
indistinguishable from those of their human myeloma coun- 
terparts (8). 

The genetic hinges of IgGl (15 residues) and IgG2 (12 
residues), which include the upper and core regions of the 
"functional hinge*' differ by three amino acids in length and 
by their primary sequences. However, reciprocal shuffling of 
hinge regions between IgGl and IgG2 subclasses and the 
grafting of an lgG4 hinge onto an IgGl background did not 
affect the FCyRI binding properties of the parent molecules. 
These findings strongly suggest that neither the length of the 
upper hinge, which restricts segmental flexibility (24), nor the 
amino acid sequence of the core hinge modulates cytophilic 
activity. In addition, it has been shown that this effector 
function is not affected by reduction of the hinge disulfide 
bridges (15). However, it requires the presence of a spacer 
between the Fab arms and the Fc region since the hinge- 
deleted IgGl paraprotein Dob does not bind to Fc^RI on 
monocytes (10). 

Reciprocal exchange of C H 3 domains, which differ by only 
one conservative substitution, did not affect the binding 
properties of the native molecules. Our results are in agree- 
ment with the findings that noncovalent pFc' dimers (10) and 
monoclonal anti-C H 3 antibodies are unable to inhibit the 
binding of IgGl to the monocyte FCyRI (9). 

Reciprocal shuffling of C H 2 domains between the IgGl and 
IgG2 subclasses unambiguously revealed that the Fc y RI 
binding site is an intrinsic property of the IgGl C H 2 domain, 
since all IgG2 hybrid molecules containing an IgGl C H 2 
domain are as active as wild-type IgGl. Furthermore, cyto- 
philic activity was abolished in all IgGl hybrids containing an 
IgG2 C H 2 domain. These results are consistent with indirect 
evidence that the C H 2 domain is the primary site for Fc y RI 
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Fig. 4. Inhibition of 125 I-IgGl 
binding to U937 Fc r RI receptors by 
recombinant native and point-mu- 
tated IgGl, IgG2, and IgG4 mole- 
cules. (A) Bar graph representation of 
an experiment in which the concen- 
trations of both 125 MgGl and recom- 
binant inhibitor were kept constant at 
6.67 nM. The inhibitor used in the 
assay is indicated at the base of its 
corresponding bar. WT, wild type. 
(B) Binding inhibition curves using 10 
nM l25 I-IgGl and increasing concen- 
trations of the following inhibitors: 
wild-type recombinant IgGl U), IgGl/ 
EVLGGP (■). IgG2/PLLGGP (□), 
and IgG2/ELLGGP (a). 
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recognition. Covalent IgGl Ch2 domain dimers retain 85% of 
the cytophilic activity of the parent molecule (11), whereas 
the C H 2 domain-deleted paraprotein IgGl TIM is devoid of 
activity (10). Furthermore, monoclonal anti-C H 2 antibodies 
inhibit the IgGl-FcyRI interaction (9). Recently, reciprocal 
domain and hinge exchange experiments between human 
IgGl and IgE showed that both the IgGl C H 2 and C H 3 
domains were required to restore full Fc^RI binding activity 
to IgE (14). Based on free energy calculations, it was con- 
cluded that the IgGl C H 2 domain contributes «75% of the 
free energy gain associated with the IgGl-FCyRI interaction. 

Several lines of evidence suggest that the activity of the 
FCyRI binding site depends on its conformation. Grafting an 
IgGl C H 2 domain onto an IgE background did not restore 
FcyRI binding activity to IgE (14) despite its free energy 
contribution to the FCyRI interaction. The affinity of bispe- 
cific mouse IgG2a/IgG2b hybrid antibodies suggests that 
only one cytophilic H chain is required for the IgGl-Fc y RI 
interaction (13). However, the findings that only dimeric 
isolated C H 2 domains are cytophilic (12) and that the C H 3 
domain-deleted IgGl paraprotein SIZ fails to bind Fc y RI (10) 
infer that quaternary interactions between the domains are 
required to stabilize the active conformation of the IgGl 
effector site. Furthermore, inactive aglycosylated IgGl dis- 
plays significantly enhanced sensitivity to pepsin and chy- 
motrypsin (25). Since these enzymes cleave within the C H 2 
domain, these findings suggest that carbohydrates maintain 
its conformation and stabilize the FcyRI binding site (8). 

The most striking primary sequence differences between 
IgGl and IgG2 C H 2 domains are clustered in the lower hinge 
region (residues 233-238) encoded by the C H 2 ex on. A 
conserved LLGGP motif between positions 234 and 238 is 
found in all cytophilic IgG subclasses. The functional impor- 
tance of the crystallographically defined " upper region" of 
the C H 2 domain is supported by the finding that inactive 
aglycosylated IgG3 Fc fragments show structural perturba- 
tions, as assessed by l H NMR, in the vicinity of the H268 
reporter group located in the spatial proximity of the lower 
hinge (25). In addition, full Fc^RI binding activity was 
restored to the inactive mouse IgG2b subclass by recon- 
structing the LLGGP motif with a single L for E substitution 
at position 235 (16). Moreover, recent reports (26, 27) showed 
that the binding activity of human IgG3 was lost in a panel of 
single point mutants where L234, L235, and G237 were 
replaced with A residues. Together, these observations led us 
to engineer a panel of IgGl and IgG2 chimeras containing 
single and sequential point mutations in this region. Full 
binding activity was restored to an IgG2 molecule in which G 
was inserted at position 237, and V234 and A235 were 
replaced with their IgGl counterparts L234 and L235 (IgG2/ 
PLLGGP), respectively. Interestingly, within the limits of 
the binding-inhibition assay, none of the individual mutations 
could restore even partial activity to IgG2, although the single 
reciprocal mutations in IgGl significantly diminished or 
abolished it completely. Our results confirm the prediction 
that the LLGGP motif is essential for FcyRI recognition (15). 
Indeed, an IgG4 mutant containing the ELLGGP motif was 
found to be as active as wild-type IgGl. Since only a single 
H chain is required for the FcyRI interaction (13), it is likely 
that at least the "docking" portion of the binding site is 
located on a loop or a single flexible strand at the N terminus 
of the C H 2 domain. Unfortunately, the protein segment 
containing the LLGGP sequence yielded no electron density 
in the x-ray crystallographic structure of human IgGl Fc (28). 

Interestingly, grafting of the ELLGGP motif onto IgG2 
resulted in a molecule 4-fold more active than native IgGl. 
Although both the PLLGGP and the ELLGGP motifs re- 
stored activity to IgG2, only the ELLGGP sequence con- 
ferred full binding activity to IgGl. To rationalize these 
observations, it is necessary to propose the existence of 



"secondary" IgG2 Fc^RI binding sites, which are either 
nonexistent in IgGl or are more active than their IgGl 
counterparts. These sites probably reside in the IgG2 C H 2 
domain, since none of the shuffled IgGl constructs displayed 
enhanced binding activity. IgGl and IgG2 C H 2 domains 
diverge at five residues in their C-terminal halves. Whether 
these divergent residues contribute to a "secondary" inter- 
action site between C H 2 and FCyRI remains to be investi- 
gated. 
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Delineation of the Amino Acid Residues Involved in 
Transcytosis and Catabolism of Mouse lgG1 1 



Corneliu Medesan, 2 Diana Matesoi, Caius Radu, Victor Ghetie, and E. Sally Ward 3 

The MHC class l-related receptor, FcRn, is involved in both the transcytosis of serum y-globulins (IgGs) and in regulating their 
serum persistence. The interaction site of FcRn on the Fc region of rodent IgG has been mapped to residues at the CH2-CH3 
domain interface using site-directed mutagenesis and x-ray crystallographic analyses. In the current study, the role of individual 
residues (H310, H433, and N434) at this interface in mediating the Fc-FcRn interaction has been investigated using recombi- 
nant, mutated Fc hinge fragments derived from mouse lgC1. In addition, two highly conserved Fc histidines (H435 and H436) 
have been mutated to alanine, and the resulting mutated Fc hinge fragments were analyzed in both transcytosis and pharma- 
cokinetic studies in mice and in competition binding assays using recombinant, soluble FcRn, The analyses indicate that mu- 
tation of H310, H435, and, to a lesser extent, H436 to alanine results in reduced activity of the Fc hinge fragments in both in 
vivo and in vitro assays. Thus, in addition to the previously defined role of I253 in the FcRn-IgG interaction, these histidines play 
a key role in mediating the functions conducted by this Fc receptor. The effects of these mutations on binding of Fc hinge 
fragments to staphylococcal protein A have also been analyzed and demonstrate a partial, but not complete, overlap of the FcRn 
and staphylococcal protein A interaction sites on mouse IgGI. The Journal of Immunology, 1997, 158: 2211-2217. 



Recent studies have indicated that for mouse IgG, the 
MHC class I-related receptor FcRn 4 is involved in both 
the control of serum half-life and transcytosis across neo- 
natal intestinal/matemofetal barriers (1-3). Site-directed mutagen- 
esis has been used to identify amino acid residues of mouse IgGI 
(rnlgGl) that regulate these processes <4-7). These residues are 
located at the CH2-CH3 domain interface and are highly con- 
served in both human and murine IgGs (8). To identify these 
amino acids, recombinant Fc hinge fragments with double muta- 
tions of amino acid residues in the CH2 domain (H310A/Q311N) 
and CH3 domain (H433A/N434Q), and a single mutation in the 
CH2 domain (125 3 A) have been characterized in pharmacokinetic 
studies (4, 5) and in transcytosis across yolk sac and neonatal small 
intestine (6, 7), These studies demonstrated that mutation of the 
CH2 domain residues had a more marked effect on both serum 
half-life and transcytosis than the CH3 domain mutations. Further- 
more, the mutants were also impaired in binding to recombinant, 
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soluble FcRn (9). However, these analyses did not exclude a role 
for other conserved amino acid residues in the CH3 domain. In 
addition, for the H310A/Q31 IN and H433A/N434Q mutants, two 
simultaneous mutations were made in both the CH2 and CH3 do- 
mains, and it was, therefore, not possible to identify which of the 
four amino acids (H310, Q31 1, H433, and N434) are directly in- 
volved in building the FcRn interaction site of mlgGl. The aim of 
this work was to identify which of these four amino acid residues 
are involved in the regulation of IgG transcytosis/catabolism and 
to investigate a possible role for other CH3 domain residues (H435 
and H436) that are highly conserved in IgGs (8). 

Materials and Methods 

Generation of mutated Fc hinge fragments derived from 
mlgGl 

Mutations were made using designed mutagenic oligonucleotides and ei- 
ther splicing by overlap extension (10) or site-directed mutagenesis (11, 
1 2), The mutants are described in Table I, and the generation of mutants 
1253A and H285A has been described previously (4, 5). For other mutants, 
mutagenic oligonucleotides used in site-directed mutagenesis were as fol- 
lows: II433A, 5 ' -GGTGGTTGGCC AGGCCCT-3 ' ; H435A, 5'-CAGTAT 
GGGCGTTGTGCA- 3 ' ; and H436A, 5 ' -CTCAGT AGCGTGGTTGTG-3 ' . 
Mutants H310A, N434A, and N434Q were made using splicing by overlap 
extension (10) with the following mutagenic oligonucleotides: H3I0A, 
5 '-CCCATCATGGCCC AGGACTGG-3 ' and 5 '-CCAGTCCTGGGC 
CATG ATGGG-3 ' ; N434A, 5 ' -GGCCTGCACGCGCACC ATACT-3 ' and 
5 AGTATGGTGCGCfiTGC AGGCCCTC-3 ' : and N434Q, 5'AGTATG 
GTGTTGGTGCAG-3' and 5'-CTGCACCAACACCATACT-3'. For each 
oligonucleotide, percent underlining indicates mutated bases. For all mu- 
tants, the corresponding genes were sequenced using the dideoxynucleotide 
method (13) and Sequenasc before functional analysis. 

Expression and purification of the recombinant proteins 

Wild-type (wt) and mutant Fc hinge fragments tagged with carboxyl-ter- 
minal hexahistidine peptides were purified using Ni 2 * -NT A- agarose (Qia- 
gen, Chatsworth, CA) as described previously (4). After dialysis against 1 5 
mM phosphate buffer/50 mM NaCI, pH 7.5, the mutants were either kept 
at 4°C for short term storage (<10 days) or freeze dried for longer term 
storage. Recombinant soluble mouse FcRn was expressed and purified us- 
ing the baculovinis system as described previously (9) and stored at 4°C. 
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Table I. Recombinant Fc-hinge derivatives used in this study 



Designation 


Mutation 


Domain 


WT Fc-hinge 


None 




I253A" 


. He 253 to Ala 


CH2 


H285A 


His 285 to Ala 


CH2 


H310A 


His 310 to Ala 


CH2 


H433A 


His 433 to Ala 


CH3 


H433A/N434Q" 


His 433 to Ala and 


CH3 




Asn 434 to Gin 




N434A 


Asn 434 to Ala 


CH3 


N434Q 


Asn 434 to Gin 


CH3 


H435A 


His 435 to Ala 


CH3 


H436A 


His 436 to Ala 


CH3 



•' Mutants described previously (4, 5). 



Analysis of the mutant Fc hinge fragments using SDS-PACE 
and circular dichroism (CD) 

SDS-PAGE (14) and CD analyses were conducted as described 
previously (4). 

Radiolabeling of the proteins 

Monoclonal mlgGl, recombinant mouse Fc-/! hinge fragments, and re- 
combinant mouse FcRn (mFcRn) (9) were radiolabeled with | l35 I]Na (Am- 
ersham, Arlington Heights, IL) using the lodogen reagent (15) as described 
previously (4). Free iodine was removed by centrifugation on MicroSpin 
G-25 columns (Pharmacia, Piscataway, NJ). The specific activities of the 
radiolabeled proteins were approximately 5 X 10* cpm/yxg, with <5% free 
iodine. The radioactive proteins were stored at 4°C for not more than 1 wk 
before injection into mice. 

Chromatographic analysis 

All radiolabeled Fc hinge fragments were analyzed on an s-250 column 
(Bio-Rad, Hercules, CA) by permeation HPLC. The sera collected from 
mice injected with radiolabeled Fc hinge fragments at 24 h were pooled 
and analyzed by HPLC on an s-250 column (Bio-Rad). The radioactivities 
of the chromatographic fractions were measured with a gamma counter, 
and the molecular mass and heterogeneity of the radioactive peak were 
determined. 

Determination of serum IgC concentration 

The concentration of serum IgG was determined using radial immunodif- 
fusion with Nanorid and Bindarid kits (The Binding Site, Birmingham, 
UK). Precipitin ring diameters were measured electronically. 

Pharmacokinetic analyses 

Pharmacokinetics of radioiodinated Fc hinge fragments were determined in 
6-wk-old BALB/c mice (Harlan Sprague-Dawley Laboratory, Indianapolis, 
IN) as described previously (4, 5). 

Maternofetal transmission 

Previously described methodology (7) was used with pregnant outbred 
SCID mice (Taconic Co., Germantown, NY) near term (15-18 days). In 
brief, mice were fed 0.01 % Nal in drinking water and then 1 day later 
injected with radiolabeled protein (2 X 10 7 to 5 X 10 7 cpm) in the tail vein. 
Mice were bled with a 20-^1 capillary 3 min postinjection, and 24 h later 
fetuses were delivered by cesarean section. The fetuses of a litter were 
pooled (discarding the placenta), washed in saline, weighed, frozen in liq- 
uid nitrogen, and homogenized in 10 vol of 109b TCA. The suspension was 
centrifuged, and the radioactivity of the precipitate was determined in a 
gamma counter. The percentage of transmission was calculated with the 
formula: % transmission (%T) = (R3)/|(RI - R2) X (W X 0.72)/0.02], 
where Rl is radioactivity in maternal blood at 3 min, R2 is radioactivity in 
maternal blood at 24 h, W is body weight (grams), and R3 is radioactivity 
of the fetuses. 

The total weight and number of fetuses in a given litter varied from litter 
to litter, and therefore, the transmission data are presented per unit weight 
of fetuses rather than the amount transferred per litter (%T/g) (7), The 
blood volume of pregnant mice was considered to be 7.2% of body weight 
(16). The radioactivity in the maternal blood available for transmission to 



the felus was calculated by deducting the radioactivity remaining at 24 h 
from that measured at 3 min after the injection of radiolabeled protein. 

Inhibition of transintestinal transfer 

BALB/c neonatal mice (10-14 days old) from the Animal Resource Cen- 
ter, University of Texas Southwestern Medical Center (Dallas, TX), were 
intubated with a mixture of f l25 IJmIgGl and Fc hinge fragment at a Fc/lgG 
molar ratio of approximately 2000 as described previously (6). The per- 
centage of inhibition was calculated relative to the transfer of the same 
amount of | 125 IlmIgGl without inhibitor. 

Inhibition of FcRn binding to mlgC1 -Sepharose 

All Fc hinge derivatives were dialyzed into 50 mM phosphate buffer with 
250 mM Nad and 5 mM Na 2 EDTA, pH 6.0 (PB-6), and adjusted to a 
concentration of I mg/ml. Three hundred microliters of Fc hinge (wt or 
mutant) or PB-6 was incubated in Eppendorf tubes with rotation for 30 min 
at 25°C with 150 /xl of mlgGl -Sepharose (1 mg/ml packed gel, 50% sus- 
pension), 50 \i\ of PB-6 containing 10 mg/ml OVA (Sigma Chemical Co.. 
St. Louis, MO), and 10 y\ of ['"llFcRn (0.1 ptg/200,000 cpm). Following 
incubation, 500 ftl of ice-cold PB-6 was added, and the gel was washed 
three times by centrifugation at 12,000 x g for 3 min using ice-cold PB-6 
(plus I mg/ml OVA). The radioactivity bound to the gel was determined. 
The gel pellet was resuspended in 1 ml of PB-7.5 (with 1 mg/ml OVA), and 
the supernatant was discarded after centrifugation. The remaining radio- 
activity bound to the gel was determined. The radioactivity specifically 
bound to the m I gG 1 -Sepharose gel was calculated by subtracting the re- 
maining radioactivity from the bound radioactivity. The inhibition of bind- 
ing of FcRn to mlgG I -Sepharose by Fc derivatives was calculated using 
the equation: % inhibition = 100 - 100 A/B t where A is the specific 
radioactivity bound to ml gG I -Sepharose in the presence of Fc hinge frag- 
ment, and B is the specific radioactivity bound in the absence of Fc hinge 
fragment. 

Analysis of binding to staphylococcal protein A (SpA) 

Sp A- agarose gel (0.5 ml) was equilibrated with PB-7.5 and I mg/ml OVA 
(PB-7.5). Fifty to one hundred microliters of each l2s I-labeled Fc hinge 
fragment containing 50 yug of protein was loaded onto the column, incu- 
bated for 15 min, and then washed with 10 column volumes of the same 
buffer. Bound Fc hinge fragments were eluted with 100 mM acetic acid. 
The amounts of radioactivity in the flow-through, washes, and eluates were 
determined. The ratio of bound/unbound was calculated, and the percent- 
age of binding of each mutant relative to ihe wt Fc hinge fragment was 
determined. 

Results 

Expression and analysis of mouse Fcy t hinge mutants 

Plasmids encoding the wt Fc hinge and mutants (Table I) were 
constructed, and the proteins were expressed and purified using 
Escherichia coli as a host. With the exception of the H285A mu- 
tant, the residues that have been mutated are all in close proximity 
to the CH2-CH3 domain interface (17) and are also highly con- 
served in the IgG isotypes of both mouse and man (8). As de- 
scribed previously, the radiolabeled Fc hinge derivatives emerged 
essentially as single peaks with a retention time corresponding to 
55 kDa when analyzed on an s-250 column (4) (data not shown). 
Taken together with HPLC analyses, reducing and nonreducing 
SDS-PAGE analyses indicate that the Fc hinge derivatives are ex- 
pressed as a mixture of noncovalently linked and sulfhydryl-linked 
homodimers (Fig. 1 ). In addition, CD studies of the Fc hinge de- 
rivatives show that the mutations do not result in large scale 
changes in the structures of the recombinant proteins (Fig. 2). 

Pharmacokinetic analysis of the Fc hinge fragments 

Radiolabeled Fc hinge fragments were injected into mice, and the 
serum radioactivity was monitored at various time points follow- 
ing injection. For each Fc hinge derivative, the elimination curves 
in different mice were similar, and Figure 3 shows representative 
curves for one mouse from each group. 

For each recombinant Fc hinge fragment, the serum samples 
collected at the 24 h point from mice within one group were pooled 
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FIGURE 3. Elimination curves of recombinant Fc 
hinge fragments. The percentage of initial radioac- 
tivity (logarithmic scale) is plotted vs time post-initial 
injection of radiolabeled Fc hinge fragment. Repre- 
sentative curves tor one mouse from each group are 
shown. 
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Table II. Catabnlism of recombinant Fc-hinge fragments in BALB/c 
mice 



Fc-hinge 
Fragment 


No. of 
Mice 


a-Phase 
Half-Life 


^-Phase 
HalMife 


WT Fc-hinge 


5 


11.9 




0.2 


119.1 




n.5 


I253A 


11 


9.0 


± 


1.8 


26.2 




1.9 


H285A 


6 


10.8 


± 


3.0 


106.4 




11.7 


H310A 


9 


5.8 




0.2 


16.8 




1.2 


H433A 


9 


9.6 




1.0 


114.8 




10.8 


H433A/N434Q 


9 


9.4 




1.1 


76.9 




10.3 


N434A 


4 


9.0 




0.2 


110.0 




9.2 


N434Q 


5 


11.7 




0,3 


115,0 


+ 


12.6 


H435A 


6 


4.4 




0.2 


17.4 




2.8 


H436A 


9 


8.5 




0.3 


48.7 




2.4 



Intestinal transfer 

The intestinal transmission of recombinant Fc hinge derivatives 
was analyzed by measuring their ability to inhibit the transfer of 
radiolabeled mlgGl across the intestinal barrier of neonatal mice 
(Fig. 4B). The results are consistent with the data obtained for 
matemofetal transmission of the 1253 A, H310A, and H435A mu- 
tants, indicating that the same receptor and mechanism of trans- 
mission are involved in both transcytotic processes. However, the 
H436A mutant is transferred across the matemofetal barrier of 
SCID mice almost as efficiently as the wt Fc hinge (Fig. 4A) and 
yet does not inhibit the transfer of mlgGl across the neonatal in- 
testine as effectively. Thus, for this mutant, the half-life and inhi- 
bition of neonatal transfer are reduced relative to the wt Fc hinge, 
and yet matemofetal transfer appears to be unaffected. 

Affinity for FcRn 

The relative affinities of the recombinant Fc hinge fragments for 
binding to recombinant mFcRn were estimated by measuring their 
ability to inhibit binding of [ J25 I]FcRn to mlgGl -Sepharose (Fig. 
5A ). The data demonstrate that in all cases, the mutants with short 
half-life and decreased activity in transcytosis assays (matemofetal 
and neonatal) also have a lower affinity for binding to FcRn, with 
the exception of H436A. Despite a lower relative affinity for FcRn, 
this mutant is transferred across the matemofetal barrier as effi- 
ciently as wt Fc hinge, and yet has a reduced serum half-life and 
activity in intestinal transfer assays. 

Binding to SpA 

It has been previously shown that the SpA binding site and the 
catabolic site are located at the CH2-CH3 domain interface of 



mlgGl (4), and therefore, the effect of mutations on the binding of 
the Fc hinge fragments to SpA were analyzed in direct binding 
studies (Fig. 5B). The data indicate that H310A and H435A are 
greatly impaired in SpA binding (9-12% of wt), whereas mutation 
of 1253 or H433 has a less marked effect (30-35% of wt). 

Discussion 

This study demonstrates that amino acid residues of the CH2 do- 
main (T253 and H310) and CH3 domain (H435 and, to a lesser 
extent, H436) are involved in regulating the transcytosis and serum 
persistence of mlgGl. Although this conclusion is drawn from the 
analysis of recombinant Fc hinge fragments that are expressed in 
an aglycosylated form, our earlier studies demonstrated that the wt 
Fc hinge fragment has the same /3-phase half-life (4) and activity 
in transcytosis assays (6) as complete glycosylated mlgG 1 . This 
indicates that for this isotype it is valid to extend studies with 
aglycosylated Fc hinge fragments to complete IgGs. Thus, residues 
in both domains play a key role in the two processes that involve 
FcRn-mlgGl interactions, and the locations of these amino acids 
on the three-dimensional structure of the homologous human Fey, 
(17) are shown in Figure 6. This conclusion may appear to con- 
tradict our earlier statement that mutations in the CH2 domain 
have a more marked effect than mutations in the CH3 domain 
(4-7). However, in these earlier studies only the effect of simul- 
taneous mutation of both H433 and N434 on transcytosis/catabo- 
lism was analyzed, and this indicated a minor role for these resi- 
dues. In the current analysis, mutation of each of these two amino 
acids individually has insignificant effects on both transcytosis and 
catabolism. The most plausible explanation for the observed ef- 
fects of mutation of both H433 and N434 is that simultaneous 
mutation of these two amino acids causes a local perturbation in 
the orientation of the adjacent histidine (H435), which, in contrast 
to H433 and N434, plays a critical role in the FcRn-mlgGl 
interaction. 

Further analysis of the region encompassing H310 and Q3I I, 
which had previously been analyzed in the context of simultaneous 
mutation of H310, Q31 1 to A3 10, N311, demonstrates the central 
role of H310 in the FcRn-mlgGl interaction. Mutation of H310 to 
alanine has an effect that is as marked as that seen for the H310A/ 
Q3MN mutant analyzed earlier, and for this reason the effect of 
mutation of Q31 1 alone was not investigated in the current study. 
In contrast to T253, H310, and H435, H436 plays a more minor role 
in maintaining serum IgG levels and transcytosis. Both 1253 and 
H310 are highly conserved in all murine and human IgG isotypes 
(8), whereas H435 and H436 show a lesser degree of conservation 
(Y435, Y436 in mIgG2b; L436 in a m!gG2a allotype; Y436 in 
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WT 1253 A H28SA H310A H433A N434A IM35A H436A 
(7) (4) (3) (6) (5) (6) (6) (6) 




WT I253A H285A H310A H433A N434A H435A H436A 
(5) (4) (5) (5) (5) (4) (5) (7) 

FIGURE 4. Transcytosis of recombinant Fc hinge fragments. The 
numbers in parentheses represent the number of mice used for each 
experiment. A, Maternofetal transmission of recombinant Fc hinge 
fragments in SOD mice. B, Inhibition of intestinal transmission of ra- 
diolabeled mlgGl by recombinant Fc hinge fragments in BALB/c ne- 
onates. The value for H433A is not significantly different from that for 
wt Fc hinge (by Student's test, p = 0.127). 



human lgGl, IgG2, and IgG4; F436 in human IgG3 and R435 in 
a human IgG3 allotype). These sequence differences might account 
for the shorter serum half-lives of mIgG2b and human IgG3 (19) 
relative to other IgG isotypes. To date, there are no consistent data 
available concerning the relative transcytotic activities of different 
human (20) and mouse IgG (16) isotypes, and therefore, it is not 
possible to hypothesize about the effects of amino acid differences 
at positions 435 and 436 on maternofetal or neonatal transfer. In 
contrast to IgGs, IgM, IgE, and IgA have short serum half-lives 
and are not transferred across the placental/yolk sac barrier or neo- 
natal gut (21, 22). Consistent with these observations, none of the 
residues shown in this study to be important for mediating the 
Fc-FcRn interaction are present in IgM, IgE, and IgA, although 
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FIGURE 5. Binding of recombinant Fc hinge fragments to FcRn and 
SpA. A, Percent inhibition of FcRn binding to mlgGl -Sepharose rela- 
tive to binding in absence of inhibitor (average of three separate ex- 
periments). B, Percentage of Fc hinge fragment binding to SpA-Sepha- 
rose relative to the binding of wt Fc hinge (average of three separate 
experiments). 



these three Ig classes of both humans and mice share significant 
homology with IgGs in other regions of the respective 
molecules (8). 

1253 is a highly exposed, hydrophobic residue that is conserved 
in all IgG molecules belonging to mammals (8). In the present 
study we have confirmed that mutation of this isoleucine to alanine 
results in considerable decreases in the serum half-life and trans- 
cytosis across the maternofetal barrier or neonatal intestine. This 
clearly indicates that 1253 fulfills a key physiologic role beyond 
binding to SpA (17). The amino acid residues flanking 1253 are 
involved in the binding of human Fc to SpA (17), and their par- 
ticipation in the binding of FcRn cannot be excluded. Thus, M252 
is highly conserved in all IgG isotypes of mouse, rat, guinea pig, 
rabbit, and human with a few exceptions, such as mlgGl and rat 
lgGl/IgG2a, for which threonine replaces methionine (8). Simi- 
larly, position 254 is occupied by serine for all isotypes and species 
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FIGURE 6. The three-dimensional structure of the Fc region of IgG 
(17), with the amino acids involved in transcytosis and catabolism 
indicated. The location of H285, which is not involved in interacting 
with FcRn, is also shown with lettering for H285 in parentheses to 
indicate that it is not involved in the FcRn-mlgCI interaction. The 
program RASMOL (Roger Sayle, Bioinformatics Research Institute, 
University of Edinburgh, U.K.) was used to display this structure. 



except the above-mentioned mouse and rat isotypes that have 
threonine at this position. These changes in positions 252 and 254 
may correlate with longer half-life and more efficient transcytosis 
of mlgGl compared with the other isotypes. 

For all mutants except H433A and H436A, binding to FcRn and 
SpA is impaired to a similar degree. H433A has reduced SpA 
binding relative to wt Fc hinge, but is unaffected when interacting 
with FcRn. Conversely, the H436A mutation has the opposite ef- 
fect. Thus, although the SpA and FcRn interaction sites overlap, 
the overlap is not complete and the "footprints" of SpA and FcRn 
on mlgGl are distinct. This is also consistent with the differences 
in pH dependence that are observed for the FcRn-mlgGl and SpA- 
mlgGl interactions (23-25). 

The pH dependence of the interaction between IgG and FcRn 
(binding at pH 6-6.5 and release at pH 7-7.5) (23, 24) falls in the 
range of the pK value of the imidazole side chains of histidine. 
Taken together with the data from this study, this suggests that the 
marked pH dependence of the IgG-FcRn interaction is determined 
by the surface accessible histidine residues at positions 310, 435, 
and 436 located at the interface of the CH2 and CH3 domains. This 



is in accord with data of Bjorkman and colleagues indicating that 
for mIgG2a, there are three titratable residues in the pH range of 
6.4 to 6.9 (26). Consistent with these studies (26), analysis of the 
H310A mutant demonstrates that H310A plays a role in mediating 
the Fc-FcRn interaction both in vitro and in vivo. In contrast, how- 
ever, analysis of H433A and H435A shows that for mlgGl, mu- 
tation of H435 to alanine results in a loss of affinity for FcRn, 
whereas H433 does not play a role in FcRn binding. Furthermore, 
mutation of H436 to alanine results in an Fc hinge fragment that 
has reduced affinity for FcRn. Thus, the histidines that play a role 
in mediating the high affinity of the mlgGl -FcRn interaction are 
H3I0, H435, and, to a lesser extent, H436. The reasons for the 
apparent differences in H433 and H435 between our data and those 
of others (26) are not clear, but in the latter study different isotypes 
(mIgG2a, mIgG2b, and human lgG4) with consequent sequence 
differences in the residues both at and in proximity to the FcRn 
interaction site were used. Thus, it is conceivable that in the con- 
text of differences in the sequences of surrounding residues, the 
relative roles of 1 1433 and 11435 are distinct in different isotypes. 

The close correlation between the effect of mutations of the Fc 
hinge fragments on pharmacokinetics, transcytosis across neonatal 
brush border/yolk sac, and affinity for FcRn (Table III) supports 
the concept that FcRn is involved in all these processes (2, 3). This 
is also consistent with experiments showing that in mice lacking 
FcRn due to loss of /3 2 m expression, IgGs have decreased intes- 
tinal transmission (1, 27) and abnormally short serum half-lives (2, 
3). For both the control of catabolism and transcytosis, it has been 
hypothesized that only the IgG molecules bound to FcRn are pro- 
tected from degradation and reenter the circulation (catabolism) or 
traverse the yolk sac/neonatal intestine (transcytosis) (28). FcRn 
was first identified as a functional protein in tissues of different 
species (placenta, yolk sac, and brush border of neonatal intestine) 
involved in the transmission of Ab from mother to fetus or neonate 
(23, 24, 29-32). More recently, mouse FcRn a-chain mRNA has 
been isolated from organs not involved in maternal transmission of 
IgGs, such as liver, lung, heart, and spleen (2). Rat and human 
homologues of FcRn have also been found to be ubiquitously ex- 
pressed at the mRNA level (33-35). This strongly suggests that 
FcRn might be synthesized by the endothelial cells within these 
organs. Consistent with this, FcRn a-chain mRNA (2) and the 
corresponding protein (J. Borvak et al., unpublished observations) 
have been isolated from cultivated mouse endothelial cells 
(SVEC), suggesting that endothelial cells might be the site of IgG 
catabolism. The isolation of a human homologue of FcRn from 
human placenta (30-32) that is ubiquitously expressed in adult 
tissues (33) together with the high degree of conservation of 1253, 
H310, and H435 in human IgGs (8) indicate that the same mech- 
anisms of maternofetal transfer and homeostasis of serum IgGs are 
operative in humans. Understanding these processes in molecular 
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Correlation coefficient excluding values obtained for H436A; r - 0.9917; p = 0.00001. 
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detail has implications both for the modulation of the pharmaco- 
kinetics of therapeutic IgGs and for the enhancement of maternofe- 
tal transfer of IgGs that might be of value in passive immunization 
of fetuses. 

The pH dependence of the FcRn-IgG interaction (23, 24) sug- 
gests that the subcellular site (cell surface or intracellular compart- 
ment) at which binding occurs will differ for neonatal transcytosis 
and inaternofetal transfer/control of catabolism, as discussed pre- 
viously (2). Other unknown factors, such as the rate of recycling in 
these different cellular compartments, may also play a role in de- 
termining the effective concentration of FcRn. These differences 
between the processes and the cell types involved* despite the in- 
volvement of a common receptor, may explain the behavior of the 
H436A mutant, for which the half-life, intestinal transfer, and af- 
finity for FcRn do not correlate with the maternofetal transmission 
as closely as for the other mutants. A further explanation for the 
anomalous effects of the H436A mutation might be as follows; 
mutation of H436 to alanine does not have as marked an effect on 
catabolism, inhibition of intestinal transfer, and binding to FcRn as 
those observed for I253A, H310A, and H435A, and in contrast to 
the other three assays, the maternofetal transfer assay is conducted 
in the absence of competition by endogenous IgGs using SCID 
mice. Thus, in this situation, the effect of this mutation on ma- 
ternofetal transfer might only manifest itself if an analysis of the 
time course of transmission is conducted or if transfer is analyzed 
in the presence of endogenous competing IgGs in, for example, 
BALB/c mice. In contrast, for mutants such as 1253 A, H3 10A, and 
H435A that have lower affinity than H436A for binding to FcRn in 
competition assays, the low activities in all three in vivo assays 
(catabolism, maternofetal transfer, and inhibition of neonatal trans- 
cytosis) correlate closely. 

In summary, trm^study-h^r^^ 

Cfication ofa role for th ree highlylcoliser^ 

C(H3:lOZH^35;ialTd,T:t6Ta~Ie^r 7dcg^ f -H^j^^^^^M~oi 

CcltoboirsmXn^-rm^^ 

( jgeiher^Uh^earlier data-implicating ;j253_in:these„processes~these 
Cresidueslare criUcaUfor^theLEcRh=mIgG j-inieraction7This study 
extends further the evidence in support of the involvement of FcRn 
in both transcytosis and catabolism, and has relevance to under- 
standing the molecular mechanisms that regulate these essential 
functions of IgGs. 
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The binding affinity of human IgG for its high affinity Fc 
receptor is determined by multiple amino acids in the CH2 
domain and is modulated by the hinge region. 

PubMed Services Canfield SM, Morrison SL. 

Department of Microbiology, Columbia University, College of Physicians 
and Surgeons, New York, New York 10032. 

A family of chimeric immunoglobulins (Igs) bearing the murine variable 
region directed against the hapten dansyl linked to human IgGl, -2, -3, and 
-4 has been characterized with respect to binding to the human high affinity 
Fc gamma receptor, Fc gamma RI.cChimericd:gGl~and^3=have:the±ighest 
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detCTSim^rgG;rec.eptor:affinity-. In addition, the hinge region was found to 
modulate the affinity of the IgG for Fc gamma RI, possibly by determining 
accessibility of Fc gamma RI to the binding site on Fc. A series of amino 
acid substitutions were engineered into the CH2 domain of IgG3 and IgG4 at 
sites considered potentially important to Fc receptor binding based on 
homology comparisons of binding and nonbinding IgG subclasses. 
Characterization of these mutants has revealed the importance for Fc gamma 
RI association of two regions of the genetic CH2 domain separated in 
primary structure by nearly 100 residues. The first of these is the hinge-link 
or lower hinge regions, in which two residues, Eeun(234} and~Leu(235:) in 
IgGl and -3, are critical to high affinity binding. Substitution at either of 
these sites reduces the IgG association constant by 10-100-fold. The second 
region that appears to contribute to receptor binding is in a hinge-proximal 
bend between two beta strands within the CH2 domain, specifically, 
cPro(33:l:))in IgGl and -3. As a result of beta sheet formation within this 
domain, this residue lies within 1 1 A of the hinge-link region. Substitution 
at this site reduces the Fc receptor association constant by 10-fold. 
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Subclasses of human IgG have a range of activity levels with different effector systems but 
each triggers at least one mechanism of cell destruction. We are aiming to engineer non- 
destructive human IgG constant regions for therapeutic applications where depletion of cells 
bearing the target antigen is undesirable. The attributes required are a lack of killing via Fey 
receptors (R) and complement but retention of neonatal FcR binding to maintain placental 
transport and the prolonged half-life of IgG. Eight variants of human IgG constant regions 
were made with anti-RhD and CD52 specificities. The mutations, in one or two key regions 
of the CH2 domain, were restricted to incorporation of motifs from other subclasses to mini- 
mize potential immunogenicity. lgG2 residues at positions 233-236, substituted into lgG1 
and lgG4, reduced binding to FcvRI by 10 4 -fold and eliminated the human monocyte 
response to antibody-sensitized red blood cells, resulting in antibodies which blocked the 
functions of active antibodies. If glycine 236, which is deleted in lgG2, was restored to the 
lgG1 and lgG4 mutants, low levels of activity were observed. Introduction of the lgG4 resi- 
dues at positions 327, 330 and 331 of lgG1 and lgG2 had no effect on FcyRI binding but 
caused a small decrease in monocyte triggering. 

Key words: IgG effector function / Structural motif / Fey receptor / Monocyte chemiluminescence 
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1 Introduction 

The repertoire of human Ig H chain classes and sub- 
classes provides Ab which are active via different combi- 
nations of effector mechanisms, through the binding of 
FcR and C1q. This can be exploited when producing Ab 
for therapeutic use since the H chain constant region can 
be chosen to suit the application. Our interest lies in 
designing an Ab for the treatment of fetomaternal alloim- 
munization to the human platelet alloantigen-1a (HPA- 
1a), the leucine-33 form of glycoprotein Ilia in the platelet 
membrane glycoprotein llb/llla complex. Severe fetal 
thrombocytopenia due to transplacental passage of 
maternal anti-HPA-1a Ab is seen in 1 in 1200 normal 
pregnancies, with intrauterine death or intracerebral 
hemorrhage being the major complications [1]. Maternal 
therapy with high-dose, non-specific IgG is of variable 
efficacy while in utero platelet transfusion remains a haz- 

[1 19125] 

Abbreviations: HPA: Human platelet antigen CL: Chemilu- 
minescence or chemiluminescent 
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ardous procedure. As an alternative therapy, we wish to 
develop a non-destructive Ab, utilizing the properties of a 
human single-chain variable region fragment (Fv), specific 
for HPA-1a-positive platelets, which has been isolated 
previously using phage display technology [2]. This Ab 
fragment can inhibit the binding of human polyclonal anti- 
HPA-1a alloantibody to antigen-positive platelets and thus 
provides potential for a competitive, whole Ab therapy. 
Ideally, the Ab would be administered to the mother, cross 
the placenta and block the interaction of the maternal allo- 
antibodies with HPA-1a on fetal platelets without itself 
causing platelet destruction by activating effector mecha- 
nisms. Transplacental transport requires that the Ab has 
an IgG heavy chain but no IgG subclass fulfils the criterion 
of being inactive in all killing mechanisms, although lgG2 
and lgG4 are, in general, less active than lgG1 and lgG3 
(reviewed in [3]). To circumvent this problem, we have 
attempted to engineer inactive constant domains by sub- 
stituting critical residues from IgG subclasses tacking cer- 
tain functions into their active counterparts. 

We have first considered interactions with the human 
high-affinity Fc receptor, FcyRI, to which human lgG1 

001 4-2980/99/0808-261 3$1 7.50+ .50/0 
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and lgG3 bind with a K a of approximately 5 x 10 8 M" 1 . 
The affinity of lgG4 for the receptor is 2.5- to 20-fold 
lower and that of lgG2 more than 100-fold less [4]. 
Domain swap experiments involving lgG1 and lgG2 [5] or 
lgG3 and lgG2 [6] show that the nature of the CH2 
domain largely determines the degree of FcyRI binding 
although it may be modulated by changes in other parts 
of the constant region. Two regions in the primary 
sequence of the CH2 domain have been implicated in 
the interactions with FcyRI as well as with other FcyR 
and C1q of the complement cascade [3]. The first area 
comprises residues 233-236 (EU numbering system [7]), 
which is part of the hinge-link or lower hinge region 
since, although genetically part of the CH2 domain, it is 
N-terminal to the first p-strand of the domain and is not 
resolved in the crystal structure of the Fc [8]. The second 
area involves residues 327-331 from a bend joining two 
p-strands at the N-terminal end of the CH2 domain and 
close in the tertiary structure to the lower hinge region. 
Together, these regions contain half of the positions in 
the CH2 domain at which the sequences of the human 
IgG subclasses differ and have been targets for site- 
directed mutagenesis studies which sought to explain 
th functional differences between the subclasses. Point 
mutations in the region 233-237 which exchanged resi- 
dues between mouse lgG2a and lgG2b [9], human lgG1 
and lgG2 [5, 10] or human lgG3 and lgG4 [6] or which 
introduced alanine residues [11] showed the importance 
of this region in determining the strength of the Ab inter- 
action with FcyRI . It has been demonstrated that muta- 
tion of P331 in lgG3 to S, as found in lgG4, reduced the 
affinity for the receptor [6], indicating that residues in this 
second area might also be important for FcyRI binding. 
Although interactions with FcyRII and FcyRIII may 
involve other regions of the IgG molecule [12], the areas 
discussed here are likely to influence binding to these 
receptors in addition. 

With the aim of creating inactive Ab, we have designed 
eight variant human IgG constant regions which incorpo- 
rate lgG2 residues in the region 233-236 and/or lgG4 
residues at positions 327, 330 and 331 . By restricting the 
substitutions to residues which occur in other sub- 
classes, an immune response to the therapeutic Ab 
should be minimized. The templates were limited to 
lgG1, where the small number of allotypes can be over- 
come by making null allotypic variants, and lgG2 and 
lgG4 where only isoallotypes exist. lgG3 was not used as 
th number of allotypic residues precludes the creation 
of null allotypic variants and the lower stability and 
shorter in vivo ha If- life make this subclass undesirable. 
To facilitate assay of constant region function across the 
full range of effector mechanisms, the constant regions 
have been combined with CD52 [13] and anti-RhD [14] 
variable regions, giving specificity to two natural human 
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antigens with different site densities. Here, we describ 
the production of the two series of Ab and appraisal of 
binding to FcyRI in resetting and flow cytometry assays 
using FcyRI-b aring cell lines. The triggering of mono- 
cytes in respons to anti-RhD-sensitized RBC was 
assessed by measurement of chemiluminescence (CL). 
In addition, mutant Ab have been assayed by for their 
ability to inhibit FcyRI binding and monocyte activation 
by wild-type recombinant and human polyclonal Ab. 



2 Results 

2.1 Generation and basic characterization of 
antibodies 

The mutations chosen to eliminate the effector functions 
of human IgG Ab are shown in Table 1 . The Aa mutation, 
made in lgG1 and lgG2 genes, introduces lgG4 residues 
at positions 327, 330 and 331 . Similarly, residues at posi- 
tions 233-236 of lgG1 and lgG4 were replaced with the 
corresponding amino acids of lgG2 but, since lgG2 has a 
deletion at 236 where the other subclasses have a gly- 
cine residue, the mutation was made omitting (Ab) or 
including (Ac) G236. For lgG1 , the Aa, Ab and Ac muta- 
tions were made separately and in combination, namely 
G1Aab and G1 Aac. 

Two sets of vectors, allowing expression of CAM PATH -1 
(CD52) or Fog-1 (anti-RhD) V H DNA in conjunction with 
each of the three wild-type and eight mutant constant 
region genes, were assembled and each of these vectors 
was cotransfected with the appropriate L chain expres- 
sion construct into rat myeloma cells. Stable transfect- 
ants were isolated for each combination, expanded and 
Ab purified from culture supernatant on protein A- 
agarose. For each Fog-1 Ab, a precipitate formed after 
purification and was removed by filtration with no further 
precipitation being apparent. Approximate Ab concen- 
trations were obtained from the 280 nm absorbance val- 
ues and then assessed in an ELISA which measures the 
relative amounts of human x-chain present. For four Ab, 
the absorbance measurements appeared to overesti- 
mate the amount of Ab and the concentrations were 
adjusted to correct for contaminating bovine IgG. The Ab 
were subjected to reducing SDS-PAGE. Each sample 
showed two bands with apparent molecular masses of 
approximately 25 and 55 kDa which represent the 
expected sizes of the L and H chains (data not shown). 
There was no discernible difference in H chain size within 
each Ab series but both chains of the Fog-1 Ab 
appeared to be slightly smaller than their CAM PATH -1 
counterparts. For the Ab with CAMPATH-1 specificity, 
the yield after purification varied from 0.6 to 9 ng/mi 
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supernatant, wh reas the yield of soluble Fog-1 Ab was 
b tween 3 and 20 u.g/ml. 

The specificities of the two seri s of Ab were tested. All 
11 CAMPATH-1 Ab wer shown to compete, in a dose- 
d pendent manner, with clinical grade CAMPATH-1 H in 
the binding of th anti- CAMPATH-1 idiotype mAb, 
YID1 3.9.4 (data not shown). All 1 1 Fog-1 Ab were able to 
agglutinate RhD-positive RBC in the presence of goat 
anti-human IgG Ab as cross-linking molecules. The IgG 
subclasses of the Fog-1 Ab were checked by coating 
RhD-positive RBC and assessing the agglutination using 
anti-G1m(a), anti-lgG2 or anti-lgG4 Ab as the cross- 
linking reagent. The results confirmed that the Ab were of 
the correct subclasses. The agglutination of RhD + RBC 
by Fog-1 lgG1 and anti-G1m(a), by Fog-1 lgG2and anti- 
lgG2 and by Fog-1 lgG4 and anti-lgG4 was then carried 
out in the presence of excess Ab from the CAMPATH-1 
s ries. The CAMPATH-1 Ab were able to inhibit the hem- 
agglutination, by competing for the anti-globulin cross- 
linking reagent, only where they were of the same sub- 
classes as the Fog-1 Ab, thus verifying their subclasses 
(data not shown). 
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Figure 1. Rosetting of FcyRI-bearing cells by RBC coated 
with Fog-1 Ab. R 2 R 2 RBC were coated with Fog-1 Ab at a 
range of Ab concentrations, incubated with B2KA cells 
growing in a 96-well plate and the percentage of B2KA cells 
with rosettes of RBC determined. Error bars indicate the SD 
values for triplicate wells. For the mutants Fog-1 G1 Ab, 
G1 Ac, G1Aab, G1 Aac, G2Aa, G4Ab and G4Ac, as for G2 
(shown), there was no rosetting between B2KA cells and 
RBC at any of the coating concentrations. 



2.2 FcyRI binding 

RBC with approximately 30 000 RhD sites per ceil (R2R2) 
w re coated with each of the 1 1 Fog-1 Ab over a range 
of concentrations and added to human FcyRI- 
expressing transfectants, B2KA, growing in wells. After 
incubation, excess RBC were washed away and the per- 
c ntage of B2KA cells rosetted by RBC was recorded 
(Fig. 1). For G1 and G1Aa, where lgG4 residues are 
included at positions 327, 330 and 331, similar levels of 
rosetting were achieved, with half-maximal rosetting 
occurring when the RBC were coated with Ab at about 
0.1 fig/ml, a concentration at which Fog-1 Ab would be 
xpected to occupy approximately one-third of the RhD 
sites. Slightly higher concentrations of G4 were needed 
to obtain the same levels of rosetting. No rosettes were 
formed when using RBC coated with the G1 and G4 Ab 
containing the Ab and Ac mutations or the G2 Ab. In the 
experiment shown in Fig. 1 t the highest coating concen- 
tration tested was 1 0 [xg/ml, predicted to correspond to 
approximately 90 % occupancy of RhD sites. The experi- 
m nt was repeated using coating concentrations of up 
to 80 ug/ml, essentially saturating the RhD sites, and still 
no rosettes were seen for G2 and the Ab containing the 
Ab or Ac mutations and thus incorporating lgG2 resi- 
dues in the lower hinge region. This indicates that, even 
when the RBC were coated with these Ab at the maxi- 
mum density for this antigen, there was insufficient IgG/ 
FcyRl interaction for rosette formation. 



Centrifuging the sensitized RBC and B2KA cells together 
before observing rosettes on a microscope slide was 
found to give a higher proportion of rosettes than incu- 
bating the cells in wells so this method was used to 
investigate the inhibition of rosette formation. R 2 R 2 RBC 
were coated with a mixture of 1 ug/ml Fog-1 G1 and dif- 
ferent amounts of Fog-1 G2Aa or Fog-1 G4Ab before 
mixing with B2KA cells. When 1 fxg/ml Fog-1 G1 was 
used alone, the coated RBC formed rosettes on 95 % of 
the B2KA cells whereas sensitization in the presence of 



Table 1. Amino acid residues present at key positions 8 * of 
the IgG constant regions 



<3l 
*54Att 



a) Residue positions according to EU numbering sytem [7]. 
Shaded regions indicate residues mutated from the 
lgG1 , lgG2 or lgG4 wild-type sequences (G1 , G2 and 
G4). 

b) A dash indicates that no amino acid residue is present 
in the sequence alignment. 
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64 ^g/ml G2Aa or G4Ab completely abolish d the 
rosetting (data not shown). 

Flow cytometry was used to measure the binding of Ab 
from both series to B2KA cells and to cells of a second 
line which also expr ss human FcyRI on their surfac . 
Fig. 2 shows representative experiments. The level of 
surface-expressed FcyRI, as detected using the CD64 
Ab, was higher for the 3T3 transfectants than for the 
B2KA line and this was reflected in the higher signals 
obtained when measuring binding of the test Ab. For 
both series, the G1 and G1 Aa Ab bound to the cell lines 
with identical dose-response curves, indicating that the 
mutations at positions 327, 330 and 331 did not signifi- 
cantly affect the interaction. The binding of G4 was 
approximately threefold lower than that of the G1 and 
G1 Aa Ab when assessed at the midpoint of the binding 



curves. As xpected, th G2 Ab did not bind to th cells. 
Little binding was seen for any of the other mutant Ab, 
suggesting that the Ab and Ac mutations in lgG1 and 
lgG4 wer sufficient to reduce binding to FcyRI by at 
least 10 4 -fold. Ab containing the Ac mutation and thus 
th extra glycin residu , especially G1Ac, showed a 
small degree of binding to cells from both lines at the 
highest concentrations tested if the level of fluorescence 
is compared to the background or to the equivalent Ab 
with the Ab mutation. If the fluorescence intensity histo- 
grams are overlaid, as seen in Fig. 3 for the highest con- 
centrations of CAM PATH -1 Ab and B2KA cells, the plots 
for G1 and G1Aa coincide. The profiles obtained for 
G1Ab (shown), G1Aab, G2Aa and G4Ab are indistin- 
guishable from that of G2 which is expected to be nega- 
tive in this experiment. The histogram obtained with 
G1Ac shows a significant shift to higher fluorescent 




Figure 2. Fluorescent staining of FcyRI-bearing cells. FcyRI transfectant cell lines, B2KA(a and b) and 3T3+FcYRI-t-y-chain (c and 
d) were incubated sequentially with antibodies of the CAM PATH -1 (a and c) or Fog-1 (b and d) series, biotinylated anti-human x 
antibodies and ExtrAvidin-FITC. The fluorescence intensities were measured for 10000 events and the geometric mean channel 
of fluorescence plotted. 
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Figure 3. Histrogram representation of fluorescent-stained 
FcyRI -bearing cells. B2KA cells were stained as in Fig. 2 
using 100 ng/ml Ab from the CAMPATH-1 series. The histo- 
gram plots showing the number of cells falling in each fluo- 
rescence channel were overlaid for representative anti- 
bodies. 



intensity when compared to the G2 plot (shown) whereas 
the shift seen with G1 Aac and G4Ac is less pronounced 
(data not shown). None of the Ab bound to a negative 
control cell line which expressed human |3 2 - 
microglobulin rather than FcyRI (data not shown). 
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2.3 FcyRI triggering measured by CL 

To measure functional activity, the CL response of mono- 
cyt s, believed to be mediated mainly through FcyRI 
[15], was measured using R,R, RBC, sensitized with Ab 
from the Fog-1 series, as the target cells. Fig. 4 shows 
th CL respons plotted in relation to the number of Ab 
mol cules bound p r RBC. A drfferenc betw entheGI 
and G1Aa Ab was seen with higher amounts of Ab, 
although both gave higher responses than the G4 Ab 
across the range of Ab concentrations. A significant 
observation is that the use of G1Ac and, to a lesser 
extent, G1Aac and G4Ac lead to monocyte triggering 
slightly above background levels whereas neither G1 Ab, 
G1Aab nor G4Ab gave any response. Both G2 and 
G2Aa were also negative. 

Fog-1 Ab, selected for lack of binding to FcyRI - 
expressing cell lines, were tested for their ability to block 
monocyte CL triggering due to Fog-1 G1 . These Ab were 
mixed in increasing concentrations with 2 ng/ml Fog-1 
G1 and were used to sensitize RBC. The CL response to 
the Ab-coated RBC, expressed as a percentage of the 
response to RBC sensitized with 2 [ig/ml Fog1 G1 only, 
is shown in Fig. 5. By comparing these responses to 
those obtained when different amounts of G1 were used 
in sensitization, it is apparent that six of the eight Ab 
inhibit the reaction to an extent which would be pre- 
dicted if the only activity of the mutants was to displace 
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Figure 4. CL response of human monocytes to RBC sensitized with the Fog-1 series of Ab. RBC were coated with Ab over 
a range of concentrations. The number of Ab molecules bound per cell and the CL response of monocytes to the RBC was deter- 
mined for each sample as described. 




Figure 5. Inhibition of CL due to Fog-1 G1 by other Fog-1 antibodies. RBC were sensitized with 2 \ig/m\ Fog-1 G1 and different 
concentrations of the Fog-1 Ab indicated. These Ab gave a low CL response in Fig. 4. The CL response of monocytes was mea- 
sured and the 100% response assigned to be that due to 2 (.ig/ml G1 alone. 



G1 from RBC in proportion to their relative concentra- 
tions. In these cases, 4 jig/ml of Ab gave 50 % inhibition 
whereas, although G2 did inhibit, fivefold more Ab was 
required to give the same degree of inhibition. G1Ac 
inhibits to approximately the same extent as the other 
mutants except that the response is not reduced to zero. 

One of the inactive mutant Ab, Fog-1 G2 Aa, was tested 
for its ability to inhibit the CL response to RBC sensitized 



with human sera containing clinically significant Ab. The 
sera contained anti-RhD, anti-RhC+D or anti-K activities 
and, in the absence of inhibitor, gave CL responses of 
greater than 30%, previously shown to predict severe 
hemolytic disease of the fetus [16, 17]. The sera were 
mixed with different concentrations of G2Aa, the mix- 
tures used to sensitize RBC and the responses of mono- 
cytes measured (Fig. 6). The addition of G2Aa Ab 
reduced the CL signals due to all five anti-RhD sera to 
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Figure 6. Inhibition of CL response to clinical sera by Fog-1 G2Aa. RBC were sensitized with a constant amount of 
Fog-1 G1 (20 \xg/rr\\) or clinically relevant serum and different amounts of Fog-1 G2Aa and the CL response of monocytes deter- 
mined. 
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below the 30% cutoff. The amount of Ab required 
ranged from 1 6 to 260 ng/ml, probably reflecting th dif- 
fering cone ntrations, affinities and subclasses of anti- 
RhD Ab in the sera. Anti-RhD Ab would not be xpected 
to inhibit the binding of anti-K Ab to RBC and th nega- 
tive control anti-K serum was not blocked at all by G2 Aa. 
Only part of the activity of the anti-RhC+D serum could 
be inhibited by G2Aa, presumably indicating non- 
inhibition of anti-RhC by Fog-1 Ab. 

3 Discussion 

W have demonstrated that substitution of critical resi- 
dues in the lower hinge region of human IgG is sufficient 
to eliminate binding to FcyRI and the mutant Ab are able 
to block effector activity of wild-type Ab. The Ab investi- 
gated comprised eight mutant and three corresponding 
wild-type constant regions combined with both CD52 
and anti-RhD specificities. There was no correlation in 
the ranking of the purification yields for the two series of 
Ab, suggesting that none of the mutations affected the 
production of the Ab or their ability to bind to protein A. 
For each variable region, the H chains were visualized as 
bands of the same apparent molecular mass by reducing 
SDS-PAGE, indicating that there were no extensive dif- 
ferences in the glycosylation of the proteins. The use of 
two Ab series has allowed confirmation of the reactivity 
patterns, especially where small differences between 
constant regions were observed. 

Transfer of the lgG2 lower hinge sequence to lgG1 and 
lgG4 in the form of the G1 Ab and G4Ab mutants was 
sufficient to eliminate FcyRI binding (Figs. 1 , 2 and 3); the 
G1 Ab result being in agreement with published data for 
an anti-MHC class II Ab [10]. The low level of binding 
shown by Ab with the Ac mutation (including G236) rela- 
tive to G2 and those carrying the Ab mutation (deleting 
G236) is of interest. It was found that the deletion of G236 
from an lgG1 Ab abolished its ability to inhibit the binding 
of labeled lgG1 to U937 cells whereas binding remained 
undetectable upon addition of G236 to lgG2 [5]. This resi- 
due presumably alters- the alignment of the lower hinge 
residues relative to receptor interaction sites in the 
remainder of the CH2 domain. The lower hinge of lgG2 
may be able to support a low level of binding to FcyRI 
when this alignment is changed as in the G1Ac and 
G4Ac Ab. There appears to be little difference in FcyRI 
binding between the G1 and G1 Aa Ab, which contrasts 
with the reported finding that the single substitution P331 
to S in lgG3 caused a fourfold reduction in affinity [6]. 

Unlike the assays of FcyRI binding, the CL measurement 
of monocyte triggering shows a difference between the 
Fog-1 G1 and G1 Aa Ab (Fig. 4). This may indicate a dis- 
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tinction between binding to and triggering via FcyRI or 
th involvement of oth r receptors. Human monocytes 
can also express FcyRII and low amounts of FcyRIII [18] 
and interaction of th Ab with these receptors may pos- 
sibly cause production of oxygen radicals either directly, 
or indirectly by strengthening the contact betwe n RBC 
and monocyte. It is conceivable that, at low Ab concen- 
trations, binding is mainly to the high-affinity FcyRI 
resulting in similar curves for G1 and G1 Aa whereas the 
stronger interactions of G1 with low-affinity receptors 
lead to divergence of the activity curves at higher con- 
centrations. Encouragingly, Ab containing the Ab muta- 
tion failed to trigger CL even at the highest concentra- 
tions tested. It is worth noting that the reactions seen in 
CL with G1Aac, G4Ac and, to a greater extent, G1Ac 
were above background and thus mirror the pattern of 
binding to FcyRI. 

When the Fog-1 Ab were assayed for their ability to 
inhibit monocyte triggering by Fog-1 G1 (Fig. 5), three 
different patterns of inhibition were seen. Most of the Ab 
tested (G1 Ab, G1 Aab, G1 Aac, G2Aa, G4Ab and G4Ac) 
appeared to reduce the level of CL to the extent 
expected if only G1 was significantly active and the 
amount of G1 bound to the RBC was in proportion to its 
relative concentration. With G1 Ac, the inhibition curve 
was similar to that of the other mutants except that the 
response was not reduced to zero, presumably because 
high concentrations of the Ab can themselves signifi- 
cantly activate monocytes as seen in Fig. 4. Although G2 
did give complete inhibition, higher amounts of Ab were 
required, suggesting that, although G2 did not activate 
monocytes in the absence of G1 , it may enhance the G1 
reaction by interacting with other receptors on the mono- 
cyte. This result suggests that some of the mutant Ab 
may have less affinity than lgG2 for FcyRII or III and the 
difference between G2 and G2Aa in this regard, as well 
as the comparison between G1 and G1 Aa made above, 
points to involvement of residues 327-331 in such inter- 
actions. Preliminary data, obtained using transfectants 
bearing FcyRlla or FcyRlllb, suggest that the Aa muta- 
tion, made in G1 and G2, does reduce binding to these 
receptors, as do the Ab and Ac mutations in G1. 

One of the variant Ab, Fog-1 G2Aa, was shown to inhibit 
the CL response to clinically significant anti-RhD Ab in 
human sera. The CL assay has been developed as a 
means of using maternal serum to predict the severity of 
hemolytic disease of the fetus [16, 17]. Results above 
30% are associated with hemolysis and suggest that 
invasive antenatal intervention procedures are appropri- 
ate. Inclusion of the G2Aa Ab effected a reduction in the 
CL response to below this 30 % threshold for each anti- 
RhD serum. 
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Our data have reinforced th importance of IgG residues 
233-236 and 327-331 in determining interactions with 
FcyR. These regions seem able to accommodate muta- 
tions without distorting th domain structure and pr - 
sumably act to modulat the strength of th contact 
made with the effector mol cul by a larger area of th 
Ab. Our results are likely to be relevant in the fetal setting 
since fetal leucocytes bear the same classes of FcyR 
found on equivalent adult cells, albeit at generally 
reduced densities [18]. In vitro experiments with sensi- 
tized RBC show that phagocytosis by fetal monocytes 
can be inhibited by Ab which block FcyRI and may be 
partially reduced by the use of an anti-FcyRlla Ab. 
Phagocytosis by fetal splenic mononuclear phagocytes 
was decreased by blockage of FcyRI and FcyRMI [19, 
20]. 

These studies have also contributed to knowledge con- 
cerning the binding of wild-type IgG subclasses to 
FcyRI. In Fig. 2b, the curve representing the binding of 
the Fog-1 G1 Ab to the FcyRI-bearing B2KA cells shows 
a plateau level so the midpoint can be used to estimate 
the affinity. Trie midpoint occurs at a concentration of 
0.4 |xg/ml, equating to a K a of 4 x 10 s M~\ which is con- 
sistent with the previously quoted value of approximately 
5 x 1 0 8 M" 1 [4], The midpoint concentration for lgG4 
appears to be threefold higher than that for lgG1. If this 
represents solely the difference in affinities, it would fall 
at the low end of the 2.5-fold to 20-fold range observed 
in published studies. These were complicated by the use 
of human monocytes or cell lines expressing more than 
one type of FcR and myeloma protein preparations 
which may contain small amounts of Ab of other sub- 
classes (reviewed in [4]). However, our binding curves for 
lgG4 also appeared to plateau at a lower level than the 
lgG1 curves (Fig. 2). This observation does not seem to 
be due to a difference in detection of IgG 1 and IgG 4 Ab 
since, when the Ab were compared in their ability to 
inhibit the binding of FITC-labeled human IgG to B2KA 
cells, approximately threefold more lgG4 than lgG1 was 
needed to reduce the binding of the labeled Ab by the 
same degree (data not shown). This is in agreement with 
the apparent relative affinities seen in Fig. 2 and sug- 
gests that use of the anti-x reagent detects both Ab 
equally. Another explanation for the different plateau lev- 
els is that the curves may represent a situation which is 
further from equilibrium for lgG4 than for lgG1 and pre- 
liminary experiments in our laboratory have indicated 
that lgG4 binds to the receptor more slowly than lgG1. 
Alternatively, results obtained using U937 cells [21] 
question whether IgG molecules bind to FcyRI with iden- 
tical stoichiometries. Evidence that the interaction 
involved one receptor molecule for each Ab molecule 
came from data where hybrid Ab with heavy chains from 
binding and non-binding subclasses were able to bind to 
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the receptor [22]. However, th affinity of th int raction 
was low r than that with the wild-typ binding Ab, lead- 
ing to the suggestion that this supports a model in which 
dimerization of th receptor occurs and is accompani d 
by a threefold increas in affinity for Ab [23]. The interac- 
tion of FcyRI with lgG1 and lgG4 will be examined fur- 
th r. 

This set of mutant constant regions contains candidates 
for further development as an inactive constant region. 
We are currently assaying the Ab for their ability to func- 
tion via FcyRII and FcyRIII and in complement-mediated 
lysis. An assay system for evaluating the binding of the 
Ab to FcRn, the novel FcR believed to be critical for pla- 
cental transport of IgG [24], is being developed. Con- 
stant regions with the best combination of properties will 
be expressed with the anti-HPA-1a variable region and 
assessed as possible therapeutic Ab, The potential 
applications of an inert constant region are numerous. 
Ab which do not activate effector functions are ideal in 
therapies which require blocking of specific B cell epi- 
topes or other sites of protein-protein interaction. Fc 
domains are often employed in fusion proteins to endow 
the product with the long in vivo half-life of IgG and the 
use of an inert Fc might be advantageous to reduce side 
effects. 



4 Materials and methods 

4.1 Construction of expression vectors 

The human lgG1 constant region gene of allotype G1 m(1 ,1 7) 
was obtained as a 2.3-kb insert in M1 3tg1 31 with a modified 
polyl inker [25], such that there are Bam HI and Hind\\\ restric- 
tion sites at the 5' end and Sph\, Not\, BgiW and SamHI sites 
at the 3' end. The human lgG2 constant region gene had 
previously been obtained as a H/hdlll-Sphl fragment in 
M13tg131 , the H/hdIII site destroyed and the Sal\-Sph\ frag- 
ment cloned to replace the equivalent fragment in the lgG1 
vector. The human lgG4 constant region gene was obtained 
as a H/ndlll-Smal fragment in M13tg131 and the Hind\\\ site 
deleted. The Smal site is located between the 3' end of the 
CH3 exon and the polyadenylation site so the polyadenyla- 
tion site was restored by addition of the equivalent Smal 
fragment from the lgG1 vector. 

Site-directed mutagenesis was used to introduce an Xoal 
restriction site between the CH1 and hinge exons, a Xho\ 
site between the hinge and CH2 exons and a Kpn\ site 
between the CH2 and CH3 exons in order to facilitate 
exchange of exon sequences. This was similar to the manip- 
ulation of lgG1 and lgG4 genes carried out previously [26]. 

The changes in CH2 were introduced by overlap extension 
PCR, using Pwo DNA polymerase (Boehringer Mannheim, 
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Lewes, GB). For the Aa mutation, the oligonucleotides were 
5' TCTCCAACAAAGGCCTCCCGTCCTCCATCGAGAAAA 3' 
(coding strand) and 5' TTTTCTCGATGGAGGACGGGAG- 
GCCTTTGTTGGAGA 3* (complementary strand). The Ab 
and Ac mutations were encoded by 5' TCCTCAGCAC- 
CTCCAGTCGCGGGGGGACCGTCAGTC 3' (coding strand, 
Ac) and 5* GACTGACGGTCCCGCGACTGGAGGTGCTG- 
AGGA 3' (complementary strand, Ab). The mutant CH2 
exons were cloned as Xho\-Kpn\ fragments to replace the 
existing CH2 of the constant region genes in M13 and cor- 
rectly mutated constant regions identified by nucleotide 
sequencing. 

The lgG1, 2 and 4 wild-type and mutated constant region 
genes were each excised from replicative form (RF) DNA as 
a Sam HI -Not I fragment and cloned into a modified CAM- 
PATH Hu4VH HulgGI pSVgpt vector [25] to replace the 
existing constant region. The resulting vectors were desig- 
nated pSVgptCAMPATHHu4VHHulgG1 Aa, etc. The vector 
allows expression of the constant region DNA with the 
humanized CAMPATH-1 Hu4VH variable region. The 
CAM PATH- 1 humanized L chain gene was provided in the 
vector CAM PATH HuVL pSVneo [13]. 

By sequential overlap extension PCR, the Fog1 variable 
region DNA [14] were each joined, at their 5' end, to DNA 
providing promoter and signal peptide sequences and, at 
their 3' end, to DNA representing the 5' end of the V H -C H 
intron (both taken from M13VHPCR1 [27]). The SamHI 
restriction site internal to the Fog-1 V H was deleted by the 
same method. The complete PCR products were cloned into 
M13mp19 as H/ndlll-SamHI fragments and their DNA 
sequence confirmed. 

The H/hdlll-BamHI fragment containing the Fog-1 V H was 
used to replace the fragment containing the CAMPATH-1 V H 
in the pSVgpt vectors described above, giving expression 
vectors designated pSVgptFog1VHHulgG2, etc. For the 
lgG1 vectors, the extra H/ndlll restriction site meant that this 
was not possible. Instead, the relevant pSVgptCAM- 
PATHHu4VH HulgGI vectors were digested with Hind\\\ and 
linkers, designed to delete the H/ndlM site and add a Bam HI 
site, were ligated onto the cut ends. The constant regions 
were isolated SamHI and Not I fragments and cloned into 
pSVgptFog1VHHulgG2 to replace the lgG2 constant region. 
The H/ndlll-BamHI fragment containing the Fog-1 V x was 
transferred to the vector pSVnyg-HuCK [27] giving pSVhyg- 
FogWKHuCK. 



4.2 Production of Ab 

The expression vectors were transfected into the rat mye- 
loma cell line YB2/0 [28] and transfectants selected in 96- 
well plates essentially as previously described [29]. Eighteen 
days after transfection, supematants were assayed for the 
presence of IgG in an ELISA using goat anti-human IgG Fc- 



specific Ab (Sigma, Poole, GB) and horseradish peroxidase 
(HRPO)-conjugated goat anti -human x Ab (Harlan Sera- lab, 
Loughborough, GB) as the capture and detection reagents. 
Transfectants from wells containing the highest amounts of 
Ab were expanded. Ab was purified from the supernatant of 
cells grown in Iscove's modified Dulbecco's medium con- 
taining 2 % FBS by protein A-agarose affinity chromatogra- 
phy. Fractions containing significant amounts of protein 
were identified from A 280 n m readings, dialyzed against PBS, 
filter-sterilized and the approximate Ab concentration deter- 
mined by A 280nm measurement. 

The purity and integrity of the Ab were established by reduc- 
ing SDS-PAGE, using 12.5% acrylamide. The concentra- 
tions were checked in an ELISA which used goat anti-human 
% Ab (Seralab) as the capture reagent and biotinylated goat 
anti-human k Ab (Sigma) followed by ExtrAvidin-HRPO 
(Sigma) for detection. This meant that the nature of the H 
chain was unlikely to influence the level of binding obtained. 

The specificities of the Ab were analyzed in two assays. In 
the competitive anti -CAMPATH-1 idiotype assay, wells, 
coated with clinical grade CAMPATH-1 H, were incubated 
with a mixtures of the test Ab and a constant amount of bio- 
tinylated YID1 3.9.4 [30] followed by ExtrAvidin-HRPO. To 
test for RhD specificity, RhD-positive (R2R2) RBC were incu- 
bated with dilutions of the Ab at room temperature for 1 h 
and excess Ab removed by washing. Agglutination was 
observed by incubating the coated RBC with goat anti- 
human IgG Fc-specific Ab (Sigma). In the agglutination 
assays to determine the H chain subclasses, anti-G1 m(a) 
mAb (CLB, Amsterdam, Netherlands), anti-human lgG2 mAb 
(Sigma) and anti-human lgG4 mAb (Sigma) were used as 
additional cross-linking reagents, in the absence or pres- 
ence of test Ab as potential inhibitors. 

4.3 Rosetting of FcyRI transfectants 

Washed R 2 R 2 RBC were incubated with Ab samples in 
1 00 uJ PBS in 96- well plates at room temperature for 1 h. 
The RBC were washed three times, resuspended in PBS and 
incubated at 37°C for 40 min with transfectants expressing 
FcyRI cDNA, B2KA (S. Gorman and G. Hale, unpublished), 
growing in 96- well plates. The supernatant was discarded 
and the wells washed once to remove excess RBC. For each 
well, 200 B2KA cells were examined and the number with 
RBC rosettes noted. The mean percentage and SD for tripli- 
cate wells was plotted. Alternatively, the sensitized RBC and 
B2KA cells were mixed in microcentrifuge tubes, pelleted 
and gently resuspended before transfer to a microscope 
slide. 



4.4 Fluorescent staining of FcyR transfectants 

Transfectants expressing FcyRI cDNA, B2KA and 3T3+ 
FcyRla+v-chain [31] were obtained as single-cell suspen- 
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sions in PBS containing 0.1 % (w/v) NaN 3 , 0.1 % (w/v) BSA 
(wash buffer) following treatment with cell dissociation buffer 
(Gibco-BRL). Cells were pelleted at 10 s cells/well in 96-weil 
plates, resuspended in 100 ^l dilutions of the CAMPATH-1 
or Fog-1 Ab and incubated on ice for 30 min. Cells were 
washed three times with 150 ^/well wash buffer and simi- 
larly incubated with 20 ng/ml biotin-conjugated goat anti- 
human x-chain Ab (Sigma) and then with 20[xg/ml 
ExtrAvidin-FITC (Sigma). After the final wash, cells were 
fixed in 100 \i\ wash buffer containing 1 % (v/v) formalde- 
hyde. Surface expression of FcyRI was confirmed by stain- 
ing with CD64 mAb (Serotec, Oxford, GB) and FITC- 
conjugated goat anti -mouse IgG Ab (Sigma). Fluorescence 
intensities were measured on a FACScan (Becton Dickinson, 
Oxford, GB). 



GB), The mean channel fluorescence was recorded. Mean 
channel fluorescence was converted to IgG molecules/cell 
by use of a standard curve which was prepared by adding 
100 of 5 % v/v R1R-1 cells to 900 [x\ of serial twofold dilu- 
tions of human monoclonal lgG1 anti-D (BRAD-5). Sensi- 
tized RBC were washed three times with PBS/BSA and 
resuspended to 1 % v/v in PBS/BSA. Aliquots (25 nl) were 
removed and analyzed by flow cytometry as described 
above. The remaining RBC were counted, centrifuged to a 
pellet, lysed in a buffer containing Triton X-100 and IgG in 
lysates was determined by ELISA as described [33]. The 
number of IgG molecules bound/RBC was deduced from 
the IgG concentration and the number of RBC from which 
each lysate was prepared. A standard curve was then plot- 
ted comparing fluorescence intensity with the number of IgG 
molecules bound/RBC. 



4.5 CL assay 

Group O RtRi RBC were washed in PBS and resuspended in 
RPMI + 10% FBS at a final concentration of 5 % v/v. Ten 
microliters of cells was added to 50 |xl Ab, serially diluted in 
RPMI/ FBS, in V-bottom well plates and incubated for 60 min 
at 37°C to achieve a range of RBC-bound IgG. In competi- 
tion experiments, the RBC were sensitized in a mixture of 
25 \i\ competing Ab and 25 nl wild-type Ab or 25 \d serum 
containing alloantibodies. After sensitization, cells were 
washed four times with 200-jjlI volumes of PBS and resus- 
pended in 50 |xJ RPMI/FBS (final concentration = 1 % v/v). 
An aliquot of cells (E-IgG) was used in the CL assay and an 
aliquot was assayed by flow cytometry to determine the 
level of RBC-bound IgG. 

PBMC were isolated by density gradient centrifugation from 
EDTA-anticoagulated blood pooled from six normal donors. 
PBMC were washed four times with PBS containing 1 % 
globulin-free BSA and then resuspended at 2 x 10 6 /ml in 
HBSS containing 25% RPMI and 2.5% FBS. Aliquots 
(100^1) were dispensed into 96-well flat-bottom white 
opaque plates and incubated for 2 h at 37 °C in a humidified 
atmosphere of 5 % C0 2 in air. The plates were then placed in 
a luminometer (Anthos Lucy 1, Labtech International, Uck- 
field, GB) and 1 00 (.tl HBSS containing 4 x 10" 4 M luminol 
(Sigma) and 20 \i\ E-IgG were added to each well. The CL 
response was monitored at 37 °C for 60 min and, except 
where stated, expressed as a percentage of the response to 
RBC sensitized in a saturating concentration of lgG1 anti- 
RhD (clone BRAD-5 [32]) Intra-assay variability was less 
than 10%. 

To determine RBC-bound IgG, 25-u.l aliquots of E-IgG were 
transferred to a V-bottom well plate, washed once with PBS, 
centrifuged to a pellet and resuspended in 50 ^l FITC- 
conjugated anti-IgG F(ab') 2 (diluted 1/30 in PBS/1 % BSA). 
After 30 min at room temperature, the cells were washed 
once with 200 \i\ PBS/BSA and kept on ice until analyzed by 
flow cytometry (EPICS XL-MCL, Coulter Electronics, Luton, 
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Abstract 



The construction svnthesis and express.on of a genetically engineered Afunctional antibody/cytokine fusior . protein 
Jescred In order'to target a.pha-tumor necrosis factor (TNF, to tumor ^ ^ £ 

irere used to construct an RM4/TNF fusion protein containing the chimeric anti-tumor F(db ) 2 (RM4) as wen as me 

rvtntnxicitv assavs using the human colon cancer ceii imc low-ti. . , 

RM WF mav prove utefut in targetmg the biological effects of TNF to tumor cells, and in this way stimulate the 

immune destruction of tumor cells. © 1997 Elsevier Science B.V. 

Keywords: Fusion protein: Chimeric Anti-TAG72 antibody; Tumor necrosis factor 



1. Introduction 

Since the systemic administration of alpha-tu- 
mor necrosis factor (TNF) can mediate tumor 
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regression in animal models (Asher et al., 1987), 
this cytokine has attracted interests as a potential 
anti-tumor reagent (Moritz et al., 1989). However, 
cancer clinical trials utilizing systemic TNF have 
produced disappointing results. This is mainly 
because patients were found to have significantly 
lower maximum tolerated dose as compared to 
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mice (Sherman et al, 1988; Spriggs et al., 1988). 
Thus, severe side-effects were often seen in cancer 
patients receiving TNF treatment (Creaven et al., 
1987). 

Anti-tumor antibodies have been extensively 
used as vehicles to target therapeutic reagents 
such as toxins and drugs to tumor cells (Fitzger- 
ald et al., 1987; Harven et al., 1992). In this 
fashion, these therapeutic reagents can be effi- 
ciently targeted to tumors in vivo while at the 
same time limiting high dosages and the attendant 
severe side-effects. The human tumor-associated 
TAG72 antigen originally recognized by the B72.3 
antibody is present in the majority of colorectal, 
gastric and ovarian adenocarcinomas (Thor et al., 
1986). We recently constructed an high-affinity 
anti-TAGZ2 chimeric antibody ccM4 by genetic 
engineering (Xiang et al., 1992). More recently, 
we cloned chimeric heavy- and light-chain genes 
from a cDNA library of the ccM4 transfectoma 
(Boyd and Xiang, 1994); this provided us with 
cDNA gene fragments that are more amenable to 
gene manipulation and genetic construction of 
fused genes than their genomic counterparts. In 
this study, we present the construction of a bi- 
functional fusion protein RM4/TNF by recombi- 
nant DNA technology. We provide an account of 
its bifunctional activities including the anti- 
TAG72 immunoreactivity of chimeric F(ab') 2 as 
well as human TNF activity. 



2. Materials and methods 

2.1. Antibodies, antigens and cell lines 

The mouse/human chimeric anti-TAG72 anti- 
body ccM4 (IgG,) was genetically engineered in 
our laboratory (Xiang et al., 1992). The plasmid 
DNA M13mpl9-TNF containing the human 
TNF cDNA gene fragment was purchased from R 
and D Systems (Minneapolis, MN). The recombi- 
nant human TNF and the goat anti-TNF anti- 
body were obtained from Gibco (Burlington, 
ON). The goat anti-TNF antibody was further 
biotinylated according to a method described pre- 
viously (Harlow and Lane, 1988). Mucin type I-S 
from bovine submaxillary glands containing a 



large amount of the TAG72 epitope (Kjeldsen?eg 
al., 1988) was purchased from Sigma. The V k |Ch 
cell line expressing the cytoplasmic chimeric lighi- 
chain of ccM4 antibody (Xiang et aL, 1992) was r 
derived from the myeloma cell line SP2/0Agl4 byl 
transfection of the chimeric light-chain expression 
vector mpSV2gpt-EPl-V K C K> LS174T is a human ^ 
colon cancer cell line and KLE^is a human en- v 
dometrial adenocarcinoma cell line expressing the 
cell-surface TAG72 antigen (Hand et al., 1992). 
Both cell lines were purchased from the American 
Type Culture Collection (ATCC, Rockville, MD)^ 
and maintained in Dulbecco's modified Eagle'sc 
medium (DMEM) containing 10% fetal calf 
serum (FCS), penicillin and streptomycin (100 fig 
ml" 1 ). 

2.2. Construction of the expression vector 
mpS V2neo -EP I -M4-TNF-PA 

For construction of the fused heavy-chain gene 
fragment M4-TNF, four oligonucleotide primers 
were designed for amplification of the M4 and 
the TNF gene fragments in polymerase chain 
reaction (PCR). The M4 gene fragment includes 
the variable (V H ), the constant (C H1 ) and the; 
hinge regions of the chimeric heavy-chain gene^ 
M4H2 (Boyd and Xiang, 1994). Primer 1 (5' 
GAATTCAACATGGAATGGAG 3') and primer 
2 (5' GGATCCGGTGGGCATGTGTGAGTTT- 
TGTCA CAAGAT 3') were complementary to 
the 5' end of K H * region and the 3' end of M4H2 
hinge region in the plasmid DNA pBM4H2 (17) 
for introduction of an EcoRl and a BamHl site to 
its 5' and 3' ends, respectively. Primer 3 (5' ATG- 
GATCCTAGCTCCTCTCGCACTCCGTCC 3') 
and primer 4 (5' GGGTCGACATTATTACAGT- 
GCGATAATACC 3') were complementary to 5' 
and 3' ends of the TNF region in the plasmid 
DNA M13mpl8-TNF for introduction of a 
BamHl and a Sail site to its 5' and 3' ends, 
respectively. PCR reactions were carried, out as 
previously described (Xiang et al., 1990). All 
oligonucleotides were synthesized by DNA Syn- 
thesis Lab, University of Calgary, Canada. 

Strategies in construction of the fused heavy- 
chain gene fragment M4-TNF as well as the ex- 
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pression vector mpSV2neo-EPl-M4-TNF-PA 
were similar to the one previously described (Xi- 
ang et al., 1996). The M4 (EcoRl/BamHl) gene 
fragment that was purified from PCR by using 
primers 1 and 2 was ligated to the EcoRlj BamHl 
site of PUC18 to form the PUC18-M4. The TNF 
(BamHl/ Sail) fragment that was purified from 
PCR by using primers 3 and 4 was cloned into the 
BamHl/ Sail site of PUC18-M4 to form the 
PUC18-M4-TNF. The entire sequence of the 
fused gene fragment M4-TNF was verified by the 
dideoxy nucleotide sequencing method (Xiang et 
al., 1990). The M4-TNF (EcoRl/Sall) fragment 
that was purified from the PUC18-M4-TNF was 
then ligated^ into the EcoRl/Xhol site of 
mpSV2neo-EPl-PA (Xiang et al., 1996) to form 
the expression vector mpSV2neo-EPl-M4-TNF- 
PA. 

2.3. Expression and purification of RM4/TNF 

The ligated expression vector mpSV2neo-EPl- 
M4-TNF-PA was transfected into V K C K cells by 
electroporation using a BioRad Gene Pulser (Xi- 
ang et al., 1990). Transfected cells were selected in 
DMEM containing 10% FCS and G418 (2 mg 
mr l ) (Sigma). One clone V K C K /RM4-TNF se- 
creting a maximal amount of the bifunctional 
fusion protein RM4/TNF was detected by en- 
zyme-linked immunosorbent assay (ELISA). It 
was further subcloned in DMEM containing 10% 
FCS without G418 and then expanded in 2000 ml 
of culture medium for large-scale purification. 
The bifunctional fusion protein RM4/TNF was 
purified from the V K C K /RM4-TNF transfectant 
supernatants by using a kappa-lock affinity 
column with binding-specificity for the im- 
munoglobulin kappa light-chain (Upstate Bio- 
tech., Lake Placid, NY). The bound RM4/TNF 
was eluted from the column with an elution buffer 
(50 mM glycine, pH 2.7) as described in the 
manual. Its protein concentration was then deter- 
mined by using a BioRad protein assay kit (Bio- 
Rad, Richmond, CA) according to the method 
described in the manual. Its purity was visualized 
via SDS-PAGE under reducing and nonreducing 
conditions. Gels were then stained with 
Coomassie blue (Xiang et al., 1990). 



2.4. Western blotting 

In order to check the presence of TNF moiety 
in the fusion protein, RM4/TNF samples were 
run on polyacrylamide gels under reducing and 
nonreducing conditions and then transferred onto 
the nitrocellulose paper (Xiang ef al., 1996). The 
paper strips were blocked with 5% BSA in PBS, 
incubated with the biotinylated goat anti-TNF 
antibody (10 fig ml -1 ) at 37°C for 1 h and then 
incubated with avidin conjugated with alkaline 
phosphatase (1:3000). After three washes, 10 ml 
of substrate containing 66 //I of nitroblue tetra- 
zolium and 33 pi\ of 5-bromo-4-chloro-3-indolyl 
phosphate in reaction buffer (100 mM Tris-HCl, 
pH 9.5, 100 mM NaCl, 5 mM MgCl 2 ) were added 
for generation of the color reaction. After a 10 
min incubation, the color reaction was terminated 
by adding stop solution (20 mM Tris-HCl, pH 
8.0, 5 mM EDTA). 

2.5. Enzyme-linked immunosorbent assay 
(ELISA) 

Two ELISAs were carried out in this study, the 
TAG72- and the TNF-binding ELISA. The 
TAG72-binding ELISA was performed to mea- 
sure the binding-reactivity of RM4/TNF for the 
TAG72 antigen, whereas the TNF-binding 
ELISA was performed to examine the presence of 
TNF moiety in the fusion protein. In the TAG72- 
binding ELISA, 50 ng of bovine mucin containing 
a large amount of the TAG72 epitope were coated 
to each well of a disposable ELISA plate (Corn- 
ing, NY). The plate was blocked with 5% bovine 
serum albumin (BSA) in phosphate buffered sa- 
line (PBS). Then, 50 p\ of the RM4/TNF, the 
ccM4 antibody and the human IgG at 12 nmol 
\~\ and their 2-fold dilutions were added to each 
well and incubated at 37°C for 1 h. After three 
washes, plates were incubated with the rabbit 
anti-human IgG antibody (10 //g ml" 1 ) and then 
with donkey anti-rabbit IgG conjugated with the 
horseradish peroxidase. After another three 
washes, plates were subjected to the generation of 
a color reaction as previously described (Xiang et 
al., 1990). In the TNF-binding ELISA, 50 fi\ of 
RM4/TNF, the recombinant TNF and the human 
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IgG at 12 nmol 1 " 1 and their 2-fold dilutions were 
coated to microtiter plates. The plates were 
blocked with 5% BSA in PBS. After this, 50 //l of 
the biotinylated goat anti-TNF antibody at 10 //g 
ml" 1 were added to each well and incubated at 
37°C for I h. The plates were washed and then 
incubated with the avidin conjugated with 
horseradish peroxidase for generation of the color 
reaction. The optical densities were determined at 
405 nm in a Bio-Rad Model 3550 microplate 
reader. 

2. 6. The functional TNF assay 

The cytotoxic activity of TNF was determined 
based upon cytotoxicity to the human colon can- 
cer cell line LS174T by using the CellTiter 96 
Cytoxicity Assay kit purchased from Promega 
(Madison, WI) (Yang et al., 1995). Briefly, 90 //I 
of 2.22 x 10 5 cells ml" 1 in culture medium (con- 
taining 2 x 10 4 cells) were added to each well of 
the 96-well tissue culture plate and incubated 
overnight at 37°C in a humidified 5% C0 2 atmo- 
sphere. To one set of wells containing LS174T 
cells, 10 n\ of the RM4/TNF at 2.4 pmol 1 " 1 and 
its 5-fold dilutions were added. To another set of 
wells containing LS174T cells, the recombinant 
human TNF at 2.4 pmol l" 1 and its 5-fold dilu- 
tions were added. At 3 days after incubation at 
37°C, 15 fi\ of dye solution were added to each 
well. After another 4-h incubation at 37°C, 100 pt\ 
of solubilization/stop solution were added to each 
well. The plates were then read at 595 nm in a 
Bio-Rad Model 3550 microplate reader. 

2. 7. Immunohistochemical study 

Reactivity of the fusion protein RM4/TNF on 
formalin-fixed tissue sections was determined us- 
ing a modification of the avidin- biotin-peroxidase 
complex (ABC) method (Xiang et al., 1996). Hu- 
man colonic adenocarcinomas were fixed in 10% 
neutral-buffered formalin and routinely embedded 
in paraffin. Tissue sections were deparaffinized in 
xylene and rehydrated in graded alcohols. En- 
dogenous peroxidase activity was quenched by 
incubating the slides with 0.3% hydrogen peroxide 
in methanol for 15 min followed by three PBS 
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rinses. The slides were incubated with normal 
rabbit serum to reduce any non-specific staining 
and then incubated with RM4/TNF at 10 pg 
ml" 1 overnight at 4°C. The slides were washed 
and then incubated with the biotinylated goat 
anti-TNF antibody at 10 pg ml" 1 . The slides 
were washed three times with PBS and then incu- 
bated with ABC reagents for 30- min. The peroxi- 
dase activity was developed with freshly prepared 
0.06% 3',3'-diaminobenzidine containing 0.1% hy- 
drogen peroxide. Haematoxylin was used as the 
counterstain. Each section was evaluated for the 
presence of cell surface and epithelial intracellular 
brown diaminobenzidine precipitates indicative of 
RM4/TNF binding. 



3. Results 

3A. Construction of the expression vector 
mpS V2neo -EP I -M4-TNF-PA 

Strategies in construction of the fused gene 
fragment M4-TNF were described in Section 2. 
Its entire nucleotide sequence was verified by 
dideoxy nuleotide sequencing method. Its respec- 
tive amino-acid sequence was shown in Fig. 1, 
which includes the immunoglobulin leader se- 
quence, K H , C H1 and hinge regions as well as the 
TNF moiety. The reading frames of these gene 
fragments were all maintained. The fused gene 
fragment M4-TNF (EcoRl/Sall) was ligated into 
the EcoRl/Xhol site of mpSV2neo-EPl-PA which 
contains the neo gene as a selection marker, the 
immunoglobulin enhancer and promoter (EP1) as 
well as the polyadenylation signal (PA) region to 
form the expression vector mpSV2neo-EPl-M4- 
TNF-PA (Fig. 1). This expression vector was then 
transfected into the V K C K cell line for expression 
of the bifunctional fusion protein RM4/TNF. 

3.2. Expression and purification of the RM4/TNF 

The transfected cells were selected in culture 
medium containing G418. The clone V K C K /RM4- 
TNF secreting a maximal amount of the RM4/ 
TNF was subcloned and expanded for large scale 
purification of the RM4/TNF. The RM4/TNF is 
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a fusion protein containing the immunoglobulin 
F(ab') 2 (RM4) and the TNF moiety. It was 
purified from 2 1 of the V IC C IC /RM4-TNF culture 
supernatant by using a kappa-lock affinity 
column. The final concentration of fusion protein 
in culture supernatants was estimated to be 40 ng 
ml" 1 . To check its purifity, the purified RM4/ 
TNF was subjected to SDS-PAGE analysis. After 
electrophoresis, gels were stained with Coomassie 
blue. As shown in Fig. 2A, the fusion protein 
RM4/TNF showed a single band of approxi- 
mately 134 kDa under nonreducing conditions 
(lane a) and showed bands of 42 kDa, as well as 
25 kDa, under reducing conditions (lane b), repre- 
senting the fusion protein molecule under non-re- 
ducing conditions and its chimeric heavy- and 
light-chain under reducing conditions, respec- 
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Fig. 1. Expression vector mpSV2neo-EPl-M4-TNF-PA and 
the amino acid sequence of fused gene fragment M4/TNF. 
Demarcated are the. leader peptide region (L), the framework 
regions (FR), the complementarity-determining regions 
(CDR), the joining segment (J), the constant region 1 (C H1 ), 
the hinge region (H), and the human tumor necrosis factor 
(TNF). The asterisk represents the stop codon. In the expres- 
sion vector mpSV2neo-EPl-M4-TNF-PA, gene fragments are 
abbreviated as follows: heavy chain variable region, V H \ con- 
stant region 1, C H1 ; hinge region, H; human tumor necrosis 
factor, TNF; immunoglobulin enhancer and promoter, EP1; 
polyadenylation signal region, PA. 
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Fig. 2. SDS-PAGE and Western blotting analysis of the 
purified RM4/TNF. (A) SDS-PAGE analysis of the RM4/ 
TNF. Lane a, RM4/TNF under nonreducing conditions; Lane 
b, RM4/TNF under reducing conditions. (B) Western blotting 
analysis of the RM4/TNF. Detection of the presence of TNF 
moiety in the fusion protein RM4/TNF. Fusion protein (10 
/il)RM4/TNF were loaded to each well of polyacrylamide gel 
and run under nonreducing (lane a) and reducing conditions 
(lane b). Proteins in the gel were transferred onto the nitrocel- 
lulose paper. The paper strips were then incubated with the 
biptinylated goat anti-TNF antibody and followed by the 
alkaline phosphatase conjugated avidin. 

tively. In order to confirm the presence of the 
TNF moiety, Western blotting analysis was per- 
formed. As shown in Fig. 2B, the goat anti-TNF 
antibody recognized the band of approximately 
134 kDa under nonreducing conditions (lane a) 
and the band of 42 kDia under reducing condi- 
tions (lane b), indicating that the chimeric heavy- 
chain of this , fusion protein contains the TNF 
moiety. 



3.3. Bifunctional activities of the RM4/TNF 

In order to check whether RM4/TNF contains 
functional anti-TAG72 F(ab') 2 (RM4) and the 
functional TNF moiety, TAG72-and TNF-bind- 
ing ELISAs were performed. As shown in Fig. 
3A, RM4/TNF displayed a similar binding-reac- 
tivity for the TAG72 antigen as did the ccM4 



8 



7. Xiang et al /Journal of Biotechnology 53 (1997) 3-12 



in 
o 



Q 
O 



1.40 



1.20 



1.00 - 



0.80 



0.60 



0.40 



0.20 



0.00 




1.40 



1.20 



1.00 



0.80 



0.60 



040 



0.20 



0.00 




4. 



16 



32 



64 



16 



32 



Reciprocal Dilution 

Fig. 3. ELISA analysis of the RM4/TNF. (A) In the TAG72-binding ELISA, 50 /il of the RM4/TNF (♦), the ccM4 (0) and human 
IgG (A) at 12 nmol l" 1 and their 2-fold dilutions were added to the 50 ng mucin-coated plates. (B) In the TNF-binding ELISA, 
50/il of RM4/TNF (»,'the recombinant TNF (O) and the human IgG (A) at 12 nmol 1 ~ \ and their 2-fold dilutions were coated Jj 
to the plates. The biotinylated goat anti-TNF antibody at 10 ^g.ml" 1 were added to the plates. The S.D. of each determination! 
is less than 5%. 



antibody in the TAG72-binding ELISA, indicat- 
ing that the immunoreactivity of RM4/TNF for 
the TAG72 antigen was retained very well. As 
shown in Fig. 3B, the goat anti-TNF antibody 
showed binding reactivities for both the RM4/ 
TNF and the recombinant TNF protein, indicat- 
ing that the native form of TNF seems to be 
maintained well in this fusion protein RM4/TNF. 

In order to confirm the TAG72-binding reactiv- 
ity of RM4/TNF, the human endometrial adeno- 
carcinoma cell line KLE expressing the 
cell-surface TAG72 antigen was analysed using 
RM4/TNF by flow cytometry. As shown in Fig. 
4, the TAG72 expression of KLE cells was de- 
tected by .both the ccM4 antibody and the fusion 
protein RM4/TNF. This indicates that RM4/TNF 
retained the binding reactivity for tumor cells 
expressing the TAG72 antigen as did the ccM4 



antibody. In order to further measure the TNF 
activity of RM4/TNF, TNF cytoxicity assay was 
performed by using human LS174T colon cancer 
cells. As shown in Fig. 5, both RM4/TNF and the 
recombinat TNF showed approximately the same 
cytotoxicity to LS174T tumor cells at low concen- 
tration of 2.4 pmol 1~ 1 in the culture medium. 

In order to demonstrate the targeting of TNF 
to tumor cells by the anti-TAG72 RM4 portion of 
the fusion protein, we conducted an immunohis- 
tochemical study by using human colonic adeno- 
carcinoma tissue sections. The binding of 
RM4/TNF to tumor cells was proved by using the 
biotinylated goat anti-TNF antibody. As shown 
in Fig. 6B, RM4/TNF showed binding specificity 
for the colonic adenocarcinomatous. cells. This 
positivity predominantly involved the suprabasal 
aspects of the tumor cells. In contrast, normal 
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colonic mucosa showed no positivity at all (Fig. 
6A). This indicates that the RM4 of the fusion 
protein was able to bind to tumor cells expressing 
the TAG72 antigen, and that the functional TNF 
was able to be targeted by the RM4 portion of the 
fusion protein to tumor cells on tissue sections in 
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Fig. 4. TAG72 expression of KLE cells determined by RM4/ 
TNF.KLE cells were incubated with the RM4/TNF (B) or the 
ccM4 antibody (C) (2//g ml -1 ) followed by the incubation 
with the FITC-goat anti-human K antibody. (A) The control 
represents KLE stained with FITC- goat anti-human K anti- 
body alone. A total of 10000 cells were analysed for each 
sample by flow cytometry. 
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Fig. 5. Cytotoxic activity assay. LS174T tumor cells were 
incubated in culture medium containing the recombinant TNF 
(■) and the TNF moiety of purified fusion protein RM4/TNF 
(A) both at 2.4 pmol 1~ \ and their 5-fold dilutions. The S.D. 
of each determinant is less than 5%. 
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4. Discussion 

The data presented here describe the construc- 
tion and expression of a fused gene M4-TNF in a 
transfectant cell line (V K C K ) expressing the 
chimeric light-chain of the ccM4 antibody. In this 
fusion protein, the TNF moiety was linked to the 
C-terminus of the ccM4 heavy-chain hinge region, 
yielding potential F(ab') 2 -like molecules. Linkage 
to this 'classical' site in the hinge region resulted 
in the expression and secretion of a fusion protein 
with the expected size and composition. The hinge 
region encodes part of the structural C m domain, 
including cysteine residues necessary for connect- 
ing the heavy-chain to the light-chain. Further- 
more, it has been shown that some amino acids in 
upper part of the hinge region interact with 
residues in the C H , domain (Schneider et al., 
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Fig. 6. lmmunohistochemical study of formal in -fixed paraffin-embedded human colonic adenocarcinoma using RM4/TNF and 
biotinylated goat anti-TNF antibody. (A) normal colonic mucosa; (B) colonic adenocarcinoma. 
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1988). The lower part of the hinge region is a rigid 
part containing proline and cysteine amino acids 
necessary for heavy-chain dimerization which 
confers each fusion protein molecule with two 
antigen binding-sites. The fusion protein was ex- 
pressed by transfecting the fused chimeric heavy- 
chain gene M4-TNF into the V K C K cell line 
expressing the chimeric light-chain of the same 
antibody ccM4. Our data showed that this fusion 
protein RM4/IFN-T retained both the anti- 
TAG72 reactivity of F(ab') 2 and the TNF activity 
as measured in ELISA, Western blotting, flow 
cytometry analysis of TAG72 expression, and cy- 
totoxicity assay by using the human mammalian 
cancer cell line. It may indicate that both the 
F(ab') 2 (RM4>Mmd the TNF moiety in this fusion 
protein assume their native configurations. 

To date, the dose-limiting toxicity of TNF has 
been particularly apparent in humans (Creaven et 
al., 1987). Therefore, the ability to combine the 
targeting of a tumor-specific antibody together 
with a potent cytokine such as TNF should be 
useful because the tumor-specific antibody would 
direct and localize the effect of TNF at tumor 
sites. Consequently, the dose of TNF necessary 
for killing tumor cells could be decreased, thus, 
reducing its dose-related toxicity. A recent report 
by Sabzevari further showed evidence that a re- 
combinant antibody-interleukin 2 fusion protein 
was able to significantly suppress the growth of 
hepatic human neuroblastoma metastases in 
severe combined immunodeficiency mice (Sabze- 
vari et al., 1994). Therefore, the bifunctional 
protein RM4/TNF with tumor-specific im- 
munoreactivity may prove useful in vivo by 
targeting biological effects of the TNF to tumor 
cells and inducing anti-tumor immune responses, 
and in this way limit the otherwise severe side-ef- 
fects of high dose of TNF. 
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